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ABSTRACT 
Appearance and Spectroscopic Characterization of  
Automotive Coatings for Forensic Purposes 
Kimberly Kha 
 
Automotive paint is a common type of trace evidence in the forensics com-
munity due to the prevalence of vehicular collisions. Forensic examinations of 
these samples typically involve visual inspection for physical properties such as 
color. However, these observations are subject to variability due to observer and 
environmental factors. Therefore, objective methods of color description based on 
spectrophotometry using coordinate systems are now recommended by US foren-
sics standards in addition to chemical analysis for binder and pigment information. 
Color meters and microspectrophotometers (MSP) are common instruments for 
quantifying color descriptions using opponent coordinate systems such as the In-
ternational Commission on Illumination CIEL*a*b* color space (CIELAB). MSP is 
used on small fragments encountered in forensic cases, but requires extensive 
sample preparation and expensive instrumentation while color meters are fre-
quently employed by coating manufacturers and portable for field use. The two 
methods were compared by calculating color difference, DE*, between fifteen au-
tomotive coating samples and standards to gauge differences and associated er-
rors. A correlation between color meter and reflectance-mode MSP DE* was 
found. After physical attributes are noted in forensic analyses, samples are often 
characterized by molecular spectroscopy. IR and Raman spectroscopic analyses 
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were performed on the sample set to determine their utility in binder and pigment 
identification. Binder chemistries of all layers in the set were classified by IR spec-
troscopy, and Colour Index (CI) pigments in the base coats were identified by Ra-
man spectroscopy. Finally, as UV exposure can alter the chemistry of automotive 
coatings over time, controlled artificial weathering of clear coats from two major 
manufacturers was performed at 55°C and 75% relative humidity (RH) with 100% 
ultraviolet (UV) radiation using the SPHERE (Simulated Photodegradation via High 
Energy Radiant Exposure) at the National Institute of Standards and Technology. 
Appearance and spectroscopic measurements of the samples were used to track 
photodegradation. Color and gloss were used as physical measurements, while IR 
and Raman spectroscopies were applied to quantify general binder degradation, 
and transmission-MSP was used to track UV absorber concentration. The combi-
nation of color measurements by spectrophotometry and chemical characteriza-
tion by spectroscopy should enhance the objectivity of forensic examinations of 
trace automotive coating evidence.  
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1. Overview 
 Paints are a common type of trace evidence in forensic cases as they can 
be easily transferred in collisions between objects and people. The Laboratory Di-
vision of the Federal Bureau of Investigation (FBI) in the U.S. Department of Jus-
tice primarily investigates such evidence in the context of automotive paints, noting 
fragments and smears are often found on clothing in hit-and-run cases.1 The 
Chemistry Unit examines paint for make/model comparisons and/or determina-
tions, and can perform make, model, and year searches for hit-and-run automotive 
samples.2 Analyses typically involve comparison of a sample to a known or control 
paint chip, which must be collected from the suspected source and have all layers 
intact down to the substrate. Examinations note the layer structure including the 
sequence, relative thickness, color, texture, number, and chemical composition of 
the sample.1 A hate crime case in 2011 highlighted the capabilities of the unit for 
conducting an examination on a sample for which a proper control could not be 
obtained.3 Though color and chemical composition could be confirmed with man-
ufacturer contacts and comparisons to database samples, improved availability of 
laboratory color analysis techniques may have aided in the investigation. 
 This work seeks to contribute to the development of color measurement and 
comparison techniques for automotive paints that may be employed by the foren-
sics community. As color can be very subjective, the focus here is to provide a 
means of quantification by employing coordinates in defined color spaces as de-
scriptors. The microspectrophotometer (MSP) and macroscopic color meter will be 
examined by obtaining color coordinates of automotive paint fragments using the 
2 
 
two methods. Since automotive manufacturers primarily employ color meters dur-
ing production and MSP is used by forensics laboratories to compare known-ques-
tioned samples, a study of how the methods correlate would be useful for the de-
velopment of color databases by manufacturers from which forensic examiners 
can draw color information for samples lacking controls. This work seeks to de-
velop a standard procedure for quantification of the color of automotive paints us-
ing these techniques by defining color with the Commission on Illumination (CIE) 
L*a*b* color space system. 
 Spectroscopic techniques are of considerable importance for chemical 
characterization in forensics examinations, so sample preparation consistency and 
overall measurement procedure are crucial to ensuring result accuracy. Current 
protocol involves qualitative comparison of sample to database spectra, so the 
goal here is to develop a procedure to obtain good quality spectra from which 
quantitative data can be drawn to aid in specific vehicle identification. FTIR and 
Raman spectroscopic measurements of automotive paint samples and fragments 
from standard paint panels will be collected with an emphasis on sample prepara-
tion consistency to obtain high quality spectra. Principal component analysis (PCA) 
may aid in quantification of binder components from spectra and will be employed 
on the clear coat spectra collected.  
 Lastly, specific vehicle identification may be improved with information on 
the physical and chemical degradation measurable in the clear coat of paint sam-
ples. The clear coat on vehicles is directly exposed to environmental factors and 
endures the most damage of the layers in an automotive paint, so quantifying this 
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degradation should provide information on sample and vehicle history. Therefore, 
controlled weathering and characterization of new automotive original equipment 
manufacturer (OEM) samples containing all layers will be examined for degrada-
tion. These results should enhance quantification in forensics examinations of au-
tomotive paint samples for color, chemistry, and vehicle history information.
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2. Spectrophotometric Color Analysis of Automotive Coatings  
 Introduction 
 Forensic scientists are often called upon to identify trace evidence. Paints 
are a common artifact transferred by objects such as vehicles, clothing, weapons, 
and people. Automotive coatings are of interest because of their prevalence in 
common crimes like hit-and-run accidents. Current standards for forensic exami-
nations of paint have been published by ASTM International in the United States, 
but application of these standards is not universally required by operating forensic 
science service providers.4 In 2013, this led to the formation of a partnership be-
tween the National Commission on Forensic Science in the Department of Justice 
and the National Institute of Standards and Technology (NIST) to improve the re-
liability of practices in the forensics community.5 The Organization of Scientific 
Area Committees for Forensic Science at NIST is performing research to assess 
currently published standards, and developing a registry of approved standards 
and guidelines which are recommended to be mandatory, but not required.6 The 
present work is intended to determine the utility and associated errors of tech-
niques presented in published standards and those not currently used by the fo-
rensics community, but common in the automotive coatings industry. 
The Scientific Working Group for Materials Analysis (SWGMAT) has pub-
lished guidelines summarizing the practices in published standards with the intent 
of assisting examiners in the forensic analysis of paint.7 The goal of forensics ex-
aminations is typically either comparison of a questioned sample to a known, po-
tential match, or specific vehicle identification.8 An investigation usually begins by 
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microscopic examination of the sample for physical properties. For automotive 
coatings, the sequence of layers present in the specimen is an important charac-
teristic since they typically consist of multiple layers (Figure 2.1).8 Each layer has 
a specific purpose and its presence or thickness may provide information on the 
year or make of the vehicle. The electrocoat is applied after zinc phosphate treat-
ment by negatively charging the substrate so the positive paint solids deposit as a 
layer which is then cured and enhances corrosion resistance on metal parts. The 
primer improves chip resistance of the coating and protects the electrocoat. The 
primer surfacer can be applied directly on top of the electrocoat, or on a primer for 
added protection, and is sometimes pigmented to improve depth of color.9 The 
terms primer and primer surfacer will be used here, with primer referring to the 
layer directly on the substrate. The base coat contains pigments and other addi-
tives to give the coating its final appearance; in special effect coatings, this layer 
may contain metallic flakes or inorganic particles. In some cases, the effect parti-
cles are applied as a separate clear layer on top of a flat base coat. The final clear 
coat protects the coating and substrate from physical and chemical environmental 
damage, such as ultraviolet (UV) radiation.8 In some older pre-1990 paint systems, 
the clear coat was pigmented for appearance as well as UV protection.10 Automo-
tive coatings vary in layer sequence, so microscopic examination can quickly rule 
out possibilities in known-questioned scenarios. Visual examination is the recom-
mended first course of action by ASTM International, and is currently utilized by 
forensic laboratories.11 However, fragments obtained from crime scenes may not 
always contain all the layers in the coating. 
6 
 
 
Figure 2.1 Layers comprising a typical automotive coating. 
 In addition to layer sequence, examiners often note the texture, color, and 
any other physical characteristics. Color is often an important determinant in 
known-questioned scenarios. Unfortunately, visual comparisons of samples for 
color are highly dependent on a variety of factors including the observer, illumina-
tion, sample size, viewing distance, and standard. The SWGMAT guidelines rec-
ommend use of the International Commission on Illumination (CIE) system of color 
description, which provides quantitative descriptions for colors in a continuous spa-
tial coordinate system.7 The primary benefits of this system include continuity and 
objectivity, as color is calculated from spectrophotometric data rather than by vis-
ual comparison to standards.12  
The CIE has developed two related coordinate systems that establish color 
spaces to describe the visual perception of non-self-luminous specimens.13 These 
are the X, Y, Z (tristimulus) and the L*, a*, b* (CIELAB) systems. The CIELAB 
system was developed in 1976 as an improvement on the tristimulus system be-
cause humans perceive differences between darker colors, such as blue and vio-
let, with greater sensitivity than lighter colors, such as green or yellow.13 The 
electrocoat (20 µm)
substrate
primer (30 µm)
primer surfacer (30 µm)
base coat (< 20 µm)
clear coat (40 µm)
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CIELAB color space consists of three axes: L* representing lightness (ranging from 
black at 0 to white at 100), a* representing green if negative and red if positive, 
and b* representing blue if negative and yellow if positive; chroma and hue angle 
can additionally be used to describe the color space (Figure 2.2).13 
 
Figure 2.2 Visualization of CIELAB system including chroma and hue angle. 
 Unfortunately, ASTM standards summarized in published guidelines pro-
vide few analysis specifics.11,14,15 For instance, the ASTM color standards contain 
no guidelines for what constitutes two samples as being sufficiently similar to as-
sert the questioned sample originated from the known.16 The SWGMAT guide for 
color determination of paint samples using colorimetry and microspectrophotome-
try in forensics examinations includes procedural guidelines and refers briefly to 
the literature citing the colorimetric color difference between different locations of 
the same vehicle can vary by as much as 1 to 3 CIELAB units.17 The simplest CIE 
color difference formula is shown in Equation 1, and is most commonly used in the 
current literature to represent the color difference between two automotive coat-
ings.18–20 However, visual discrimination of similar colors differs by hue, with non-
+ a*- a*
+ b*
- b*
L* = 100
L* = 0
C*ab h*ab
C(L*c, a*c, b*c)
a*c
b*c
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uniformity in the blue region, so CIE has developed more complex equations to 
account for these differences and more closely approximate the standard ob-
server’s perception of color difference. The most recent of these was established 
in 2000, and relies on light (L), chroma (C), and hue angle (H) values along with 
weighting functions (S) and parametric factors (k) for each coordinate to adjust for 
variation in visual sensitivity under experimental conditions differing from the ref-
erence conditions used to develop the equation (Equation 2).21 According to CIE, 
this equation is generally not necessary in industrial practice, so total color differ-
ence is typically used as a measurement of observed or perceived difference. 
Therefore, this equation should not be necessary in forensics laboratories assum-
ing experimental conditions are well controlled.21 
Δ𝐸∗ = [(Δ𝐿∗)2 + (Δ𝑎∗)2 + (Δ𝑏∗)2]
1
2  (1) 
Δ𝐸00
∗ = √(
Δ𝐿′
𝑘𝐿𝑆𝐿
)
2
+ (
Δ𝐶′
𝑘𝑐𝑆𝐶
)
2
+ (
Δ𝐻′
𝑘𝐻𝑆𝐻
)
2
+ 𝑅𝑇 (
Δ𝐶′
𝑘𝐶𝑆𝐶
) (
Δ𝐻′
𝑘𝐻𝑆𝐻
)  (2) 
 Since samples in forensic cases are typically fragments or smears, the use 
of microspectrophotometry (MSP) is heavily emphasized in color examination. Re-
cent literature has shed some light on the use of MSP for color analysis of auto-
motive base coats. However, color determined by MSP often conflicts with color 
determined by macroscale spectrophotometers used by automotive coating man-
ufacturers with spot sizes on the 5 cm2 scale.17 These macroscale spectrophotom-
eters or color meters can be more convenient for examiners in the field as they 
provide immediate color values and require minimal training and sample prepara-
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tion. Databases of automotive coating spectra have been developed utilizing com-
mercial color meters, so comparison of the two methods is necessary to develop 
a standard protocol for their use in the field.17,22 
 The foremost complication with forensic color analyses is the presence of 
metallic flakes or ceramic additives. This is of utmost importance in automotive 
coating examinations because effect coatings comprise 80% of the automotive fin-
ishes industry.23 Metallic flakes reflect light, which can lead to interference in MSP 
spectra. Their orientation also affects the macroscale appearance of the coating 
by altering how light is reflected at different viewing angles.23 Metallic flakes in a 
sample also typically increases the lightness coordinate in color meter measure-
ments. Thus, color meters must provide measurements at multiple viewing angles 
to comprehensively characterize metallic coatings, as described by current ASTM 
standards.24,25 However, these special additives can sometimes be avoided in 
MSP analysis by utilizing higher magnification objectives and smaller apertures. 
Similar complications arise with pearlescent coatings. Although color differences 
obtained by the two methods will never be identical, color meters are low-cost, 
commercially available, and already widely used by automotive manufacturers. 
Therefore, the color difference between similar samples calculated from data col-
lected by these two methods should be assessed to determine their utility for initial 
field use. 
 Color meters are available in various illumination-observer geometries to 
account for special effect coatings. According to ASTM standards, color coordi-
nates should be measured with 45° illumination at three aspecular (15°, 45°, and 
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110°) detection angles (Figure 2.3).24 Generally, current standards state any ob-
jects that change color with observation angle should be described by measure-
ments at five aspecular angles, with 25° and 75° recommended in addition to 15°, 
45°, and 110°.25 Multi-angle color meters are available and in commercial use; 
however, the result is color coordinates for each observation angle. Since effect 
additives in automotive coatings could differ in orientation based on application, 
sampling location, and other manufacturing variations, this introduces errors in 
known-questioned comparisons. This method also complicates color difference 
characterization as each sample would be described by a set of coordinates for 
each observation angle. However, instruments employing a diffuse illumination ge-
ometry utilizing a white coated hemispherical chamber have been designed to 
evenly illuminate non-uniform, textured samples. In conjunction with 8° measure-
ment geometry, the effects of stray light, texture and other direction-dependent 
effects should be minimized.12 Therefore, the color meter with spherical diffuse 
illumination and 8° measurement geometries with specular component included 
11 
 
(d/8 spin) will be used for initial comparisons between color meter and MSP color 
differences. 
 
Figure 2.3 Illumination-detection geometries recommended by ASTM E2194 for 
metal flake pigmented materials.24 
 Recent literature has demonstrated the use of MSP for color analysis of 
automotive base coats. MSP spectra can be collected in transmission (T) mode, 
or reflectance (R) mode on the cross section (RCS) or surface (RS) of a specimen. 
T-MSP is typically performed on cross sections prepared by microtomy; this can 
be significantly more time-consuming and require additional training.18,19 However, 
studies employing all three techniques on the same samples have found transmis-
sion spectra are more varied than reflectance spectra, and may permit differentia-
tion between extremely similar, but different samples more effectively than only 
reflectance mode. The authors of these studies recommend use of transmission in 
conjunction with at least one reflectance technique.18 RS-MSP directly measures 
samples in-situ after cleaning the surface, which is the most comparable of all three 
methods to color meters in terms of working principle. MSP spectra of automotive 
base coats have been collected for special effect coatings of various hues and 
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neutrals (white, grey, and black).26 Analysis of neutral coatings is especially im-
portant since the popularity of automotive coating colors reported at the Interna-
tional Forensic Science Managers Symposium in 2013 in descending order were 
white, black, silver, and grey before hues like red and blue.27 Though spectra of 
grey and black paint with notable features have been obtained in transmission 
mode, white base coats yield only noise in the visible region; this was explained 
by the scattering ability of brightening pigments typically used in white paints such 
as titanium dioxide.26 A group at the Institute of Forensic Research in Krakow have 
obtained CIELAB coordinates from their spectra of non-neutral automotive base 
coats, and used the color difference formula to gauge the sensitivity of the method 
for discriminating similar samples and replicates of the same sample.18,19,28 This 
group found most significant differences in transmission spectra between similar 
colored paints. Forensic examinations should require R-MSP measurements to 
compare with color meter measurements, as well as T-MSP measurements for 
analysis of significant spectral differences. The goals here were to (1) quantify the 
errors associated with color differences calculated from color meter, RS-MSP, and 
T-MSP measurements, and (2) provide recommendations for utilizing these instru-
ments in forensic laboratories. 
 Experimental 
 Automotive coating samples were chosen to represent a variety of coating 
types: different hues, substrates, and flat and effect (Table 2.1). Samples ending 
with a “P” were unexposed standards obtained as full systems (clear coat, base 
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coat, primer surfacer, primer) on steel ACT panels, numbered with their corre-
sponding sample. The remaining samples were obtained as fragments or as auto-
mobiles parts with unknown histories from which fragments were removed. Each 
sample is categorized according to three general layer sequences (Figure 2.4). 
Refinish indicates the number of duplicate base coat/clear coat layers on top of the 
first clear coat closest to the substrate. 
 
Figure 2.4 General layer sequences observed in the sample set.  
Table 2.1 Automotive Coatings Examined 
Sample Make Country Year Substrate Color Effect Refinish Sequence 
1A VW Germany 2012 metal white metallic 1 C 
2A* VW Germany 2012 plastic white metallic 2 C 
3 Toyota Japan 2005 metal red metallic 0 A 
10 Dodge US 2007 metal black metallic 0 B 
10P* N/A N/A N/A metal black flat N/A A 
11* Dodge US 2007 plastic black metallic 1 B 
12* Saab Sweden 2001 metal red flat 1 A 
13* Saab Sweden 2001 plastic red flat 2 B 
15* Scion Japan 2006 metal black metallic 0 A 
17* Scion Japan 2006 plastic black metallic 0 B 
18 Ford US 2006 metal red metallic 0 A 
18A* Ford US 2013 metal blue metallic 1 A 
19A* Ford US 2013 plastic blue metallic 0 B 
34PS* N/A N/A N/A metal blue metallic N/A A 
34PW* N/A N/A N/A metal blue metallic N/A A 
34* Ford US 2014 metal blue metallic 1 A 
35* Ford US 2014 plastic blue metallic 0 A 
58 Dodge US 2013 metal white metallic 0 A 
58P* N/A N/A N/A metal white flat N/A A 
59* Dodge US 2013 plastic white metallic 1 B 
D782 Mazda Japan 2014 plastic grey metallic 0 B 
D786 Chevrolet US 2012 metal grey metallic 0 A 
 
CLEAR COAT
BASE COAT
PRIMER SURFACER
PRIMER (ELECTROCOAT)
CLEAR COAT
EFFECT (METALLIC FLAKE) LAYER
PRIMER SURFACER
PRIMER (ELECTROCOAT)
CLEAR COAT
BASE COAT
PRIMER (ELECTROCOAT)
A B C
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  CIELAB coordinates of the samples were obtained with a BYK spectro-
guide sphere gloss color meter employing d/8 geometry with the specular compo-
nent included, using D65 illuminant and 10° standard observer functions. The in-
strument aperture was 11 mm in diameter, so only samples at least this large and 
the standard panels were measured; these samples are indicated with asterisks in 
Table 2.1. Samples were gently cleaned with distilled water and lint-free wipes 
prior to measurement. Ten measurements at randomly chosen locations were 
taken per sample. The instrument collected spectral data from 400 nm to 700 nm 
in 10 nm increments to calculate color coordinates according to ASTM E308.29,30 
 For microscopic analysis, spectra were obtained from 380 nm to 780 nm 
(0.4 nm step size) on a CRAIC MP-2 microspectrophotometer. Wavelength and 
photometric accuracies were confirmed with NIST traceable holmium oxide, di-
dymium oxide, and neutral density filters at the start of each session. The 36X 
objective (NA 0.5) was preferred and a variable aperture employed to avoid metal-
lic flakes in effect samples when measuring cross sections. For each mode of MSP 
analysis, ten measurements were taken at random locations. Dark and reference 
scans were collected prior to each sample. Spectra were obtained in percent trans-
mittance, and CRAIC ColorPro software used to obtain CIELAB coordinates from 
each spectrum. These were calculated using the 400 nm to 700 nm spectral data 
with D65 illuminant and 10° standard observer functions. 
For reflectance-mode MSP (R-MSP), measurements were made on the sur-
face of the paint chip in situ. Samples were cleaned with methanol and lint-free 
wipes, and taped to a glass slide for analysis. For transmission-mode MSP 
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(T-MSP), a fragment of each sample was embedded in epoxy (LECO resin and 
hardener, 5 to 1 by mass), cured at 40°C overnight, and microtomed at room tem-
perature to obtain cross sections of 5 µm thickness. The cross sections were trans-
ferred to a quartz slide, flattened with an Excel roller, and mounted with anhydrous 
glycerol and a quartz coverslip. The coverslip was then flattened with an Excel 
roller immediately prior to analysis to remove any air pockets. 
 To calculate the color difference between sample pairs, the CIELAB coor-
dinates for the ten measurements on each sample were split into pairs to form five 
groups, and each pair averaged. This was due to the lack of true replicates avail-
able for each sample as most were obtained from actual vehicles. The five average 
coordinates were used to calculate five DE* values for each sample pair. The av-
erage and standard deviation of the DE* values was used to compare the uncer-
tainty in color differences obtained by the color meter, R-MSP, and T-MSP meth-
ods. JMP software was used to perform correlation analyses on the DE* obtained 
by the three methods to compare the methods. 
 Results and Discussion 
The average color differences, DE*, and standard deviations are listed in Ta-
ble A.1 and Table A.2 of the Appendix, respectively. In both tables, values for each 
pair from top to bottom correspond to the color meter, R-MSP, and T-MSP meas-
urements. For T-MSP, the CIELAB coordinates for the base coat closest to the 
surface were used in calculations. The samples are grouped by color (white, black, 
blue, and red). Sample pairs obtained from the same vehicle at different locations 
are boxed in black, and sample/matching standard pairs are boxed in red. The 
16 
 
objective was to gauge similarities between R-MSP and color meter measure-
ments as they both detect reflected light, and between CM and T-MSP as T-MSP 
spectra have been shown to be more variable. 
For an individual vehicle, samples from different locations should ideally have 
DE* close to zero, indicating no color difference within a vehicle. However, this is 
unlikely due to variations in manufacture. Four sample pairs from the same vehicle 
were sufficiently large for CM measurements (Table 2.2). Using DE* less than one 
as the criteria for two samples being from the same source, only one metallic blue 
pair and the metallic black pair were from the same vehicle based on CM meas-
urements. The general increase in DE* between CM and MSP measurements for 
these samples may be explained by pigment dispersion and other heterogeneities 
magnified on the microscale in MSP. However, the flexible paint applied to periph-
eral regions of automobiles is also commonly manufactured by different suppliers 
than the body, so some color difference may be expected.31 Overall, DE* deter-
mined by R-MSP was lower than T-MSP, except for the flat red pair. This is likely 
because focus and sample location was controlled in R-MSP to avoid scratched or 
rough areas of the samples, which influenced the CM measurements. Finally, T-
MSP DE* only exceeded 10 for the metallic black pair, likely due to lack of signifi-
cant features in MSP spectra of neutral coatings attenuating the noise in these 
spectra. Qualitative examination of T-MSP spectra can provide evidence neutral 
or heavily damaged samples are from the same vehicle when CM DE* is greater 
than R-MSP DE* and T-MSP DE* is unusually large. 
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Table 2.2 DE* of Sample Pairs from Same Vehicle 
   Mean ± Std. Dev.  
Color Pair CM R-MSP T-MSP 
Red 12 / 13 5.14 ± 0.43 2.10 ± 0.25 9.37 ± 1.51 
Blue 18A / 19A 0.42 ± 0.09 5.32 ± 3.73 5.76 ± 1.20 
Blue 34 / 35 1.49 ± 0.08 4.26 ± 1.94 7.91 ± 1.59 
Black 15 / 17 0.46 ± 0.08 7.51 ± 1.23 34.33 ± 1.89 
 
The shapes of the T-MSP spectra of pairs 18A / 19A and 12 / 13, respectively, are 
very similar (Figure 2.5). The minor variations in intensity can be attributed to het-
erogeneities in pigment dispersion at the ten measurement locations, and sample 
preparation variations. Though T-MSP DE* for pair 12 / 13 was 9, the shape of the 
actual spectra are quite similar. The discrepancy between the calculated DE* value 
and qualitative similarity of the spectra illustrate why qualitative inspection of T-
MSP spectra is critical in pairwise comparisons in addition to comparison of CM 
and R-MSP DE* values. The combined methods of color meter and MSP in both 
modes provide a more complete characterization of the color differences between 
two samples than any one measurement alone.  
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Figure 2.5 T-MSP spectra of (a) metallic blue samples 18A (black) and 19A (red), 
and (b) flat red samples 12 (black) and 13 (red). 
Within each color group, CM DE* between red, blue, and black samples was 
less than 10, and R-MSP DE* less than 12. As the purpose of this investigation 
was to gauge the utility of the handheld color meter in initial field color compari-
sons, the similarity in DE* between the color meter and R-MSP measurements for 
these hues is promising. The examined metallic blue samples were all intended to 
be the same color, either from different parts of the same vehicle, different vehicles 
of the same color, or standard panels of the color (Table 2.3). DE* was less than 
10 in most cases, and less than 5 for CM DE*. The comparatively larger CM DE* 
for sample pairs including 34 are likely because this sample was barely large 
enough for CM measurements (11-mm diameter circular aperture), so edge irreg-
ularities contributed error.  
(a) (b) 
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Table 2.3 DE* of Same Color Metallic Blue Samples Examined 
  Mean ± Std. Dev.   
Pair CM R-MSP T-MSP Relation 
18A / 19A 0.42 ± 0.09 5.32 ± 3.73 5.76 ± 1.20 same vehicle 
34 / 35 1.49 ± 0.08 4.26 ± 1.94 7.91 ± 1.59 same vehicle 
18A / 34 1.21 ± 0.08 7.78 ± 4.14 6.41 ± 2.90 same color, different vehicle 
19A / 35 1.78 ± 0.24 4.26 ± 2.35 5.84 ± 1.49 same color, different vehicle 
34 / 34PS 2.39 ± 0.10 6.11 ± 1.15 6.76 ± 1.11 standard panel for color 
34 / 34PW 3.08 ± 0.14 7.46 ± 3.55 6.74 ± 2.10 standard panel for color 
35 / 34PS 0.97 ± 0.16 7.76 ± 1.14 9.99 ± 1.51 standard panel for color 
35 / 34PW 1.77 ± 0.11 8.70 ± 4.01 11.77 ± 0.72 standard panel for color 
34PS / 34PW 0.89 ± 0.15 5.12 ± 2.56 4.19 ± 1.06 standard panels for same color 
  
 An important consideration in MSP analysis of neutral colors is the lack of 
large, characteristic peaks in the spectra. For example, the metallic black and white 
pairs from the same vehicle lack any major peaks (Figure 2.6 a). The T-MSP DE* 
of black pair 15 / 17 was significantly greater than 10 (34) because of this lack of 
major peaks combined with the difference in intensity. It is possible these two sam-
ples were formulated separately as they are from different areas of the same car, 
but this does not warrant DE* of this magnitude. The CM DE* (< 1) and R-MSP 
DE* (< 10) measurements were more reliable in this case. Thus, for non-white 
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neutral samples, color meter and R-MSP measurements should be used primarily 
to gauge color difference. 
400 500 600 700
0
10
20
30
40
50
60
70
80
%
 T
ra
n
s
m
is
s
io
n
Wavelength (nm)
400 500 600 700
0
2
4
6
8
10
12
%
 T
ra
n
s
m
is
s
io
n
Wavelength (nm)  
Figure 2.6 T-MSP spectra of (a) metallic black samples 15 (black) and 17 (red), 
and (b) metallic white samples 58 (black) and 59 (red). 
 The white samples exhibited similar T-MSP spectra with no distinguishing 
peaks (Figure 2.6 b). White base coats also contain light-scattering pigments, 
which decrease transmission and signal-to-noise. This resulted in similar T-MSP 
DE* for the different color pair, 2A / 58P, (9) and the same color pair, 59 / 58P (4). 
In the literature, similar issues with inadequate variation in T-MSP spectra of white 
samples have been discussed.26 R-MSP DE* for the white samples was also 
slightly larger than R-MSP DE* for the other colors. This was likely because the 
two samples, 2A and 59, were highly metallic (Figure 2.7). The effect of metallic 
flakes is averaged by the large aperture of the color meter, but impossible to avoid 
in R-MSP; as a result, R-MSP DE* was 17 for pair 58P / 59, but CM DE* was less 
(a) (b) 
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than 5. Therefore, R-MSP analysis of highly metallic samples and T-MSP analysis 
of white samples is not recommended. 
 
Figure 2.7 White samples measured by MSP in reflection and transmission modes. 
CM and T-MSP DE* of the black and white samples with corresponding 
standard panels can be examined to gauge the influence of metallic flakes on color 
as the standard panels were not produced with special effect additives (Table 2.4). 
The color meter measurements were not significantly impacted by the presence of 
metallic flakes, as CM DE* was less than 5 in both cases, comparable to CM DE* 
for flat samples 12 and 13 from the same vehicle. Although T-MSP DE* for the 
black pair was large (28), this DE* value is comparable to T-MSP DE* for the black 
metallic pair 15 / 17 from the same vehicle. Likewise, T-MSP DE* for the white pair 
was under 5, comparable to the T-MSP DE* for the white metallic pair 58 / 59 from 
the same vehicle. The absence of metallic flakes does not appear to influence T-
MSP DE*; this may be due to the diffuse illumination principle of the color meter 
R-MSP
T-MSP
2A 59 58P
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used.32 Therefore, T-MSP may be useful for comparing metallic questioned sam-
ples to standard panels from manufacturers lacking special effect additives.  
Table 2.4 DE* of Flat / Metallic Standard / Sample Pairs 
   Mean ± Std. Dev.  
Color Pair CM R-MSP T-MSP 
black 10P / 11 1.71 ± 0.08 1.13 ± 0.67 28.32 ± 1.05 
white 58P / 59 4.21 ± 0.18 19.18 ± 2.39 4.46 ± 1.18 
Error in DE* as quantified by standard deviation did not exceed 0.4 for the 
color meter measurements, and was less than 5 for the MSP measurements. The 
highest standard deviations were observed for R-MSP DE* of highly metallic blue 
samples. Heterogeneities in pigment and metal flake dispersion were the cause of 
this variation; these could not be avoided even by varying aperture and carefully 
choosing sample location. However, these additives were primarily aligned parallel 
to the sample surface, and could be avoided in T-MSP. Despite greater variation 
in T-MSP DE* compared to CM DE*, standard deviation was roughly 3 or less in 
most cases except the metallic neutral samples 17 and 2A. Qualitatively, T-MSP 
displays good repeatability in spectral shape as previously discussed. 
Multivariate nonparametric correlation analysis was performed on DE* to 
compare the color meter to the MSP because DE* for this sample set was not 
normally distributed (Figure 2.8). Spearman’s ρ ranges from -1 to 1 and provides 
a measurement of correlation between variables (Table 2.5). ρ is close to unity 
(0.88) for the CM and R-MSP DE* comparison, providing evidence for a correla-
tion. The evidence for correlation between DE* determined by T-MSP and the two 
reflectance methods is not as strong. This difference in correlation may be because 
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CM and R-MSP both operate by reflectance while T-MSP operates via transmis-
sion. Other factors such as differences in instrumentation, and non-uniformity of 
DE* for hues of different lightness (e.g. blue versus yellow) likely contribute to the 
differences in correlation between the methods. 
 
Figure 2.8 Scatterplot matrix and histograms of CM, R-MSP, and T-MSP DE*, in-
dicating lack of normality. 
Table 2.5 Correlation Coefficients for Color Meter and MSP DE* 
Method 1 Method 2 Spearman ρ p-value 
R-MSP CM 0.88 < 0.0001 
T-MSP CM 0.38 < 0.0001 
T-MSP R-MSP 0.47 < 0.0001 
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 Conclusions 
 DE* is frequently used to quantify color difference of automotive coatings 
and may be determined from spectrophotometric data gathered by a color meter 
as in the industry or microspectrophotometer in forensics. For samples from the 
same vehicle, CM DE* and R-MSP DE* were less than 1 and 5, respectively, and 
T-MSP spectra were qualitatively similar. This indicates samples obtained from the 
same vehicle analyzed by R-MSP should yield low DE* (quantitatively similar) via 
this method. For metallic samples and their flat, corresponding standards, T-MSP 
DE* was similar to T-MSP DE* for same color metallic sample pairs from the same 
vehicle. Therefore, T-MSP is a good technique for avoiding the influence of effect 
additives. Though the two microspectrophotometric methods utilize the same in-
strumentation, the data showed a stronger correlation between CM DE* and R-
MSP than between CM DE* and T-MSP. Though a larger, more diverse sample 
set is required to quantify this correlation for practical use, this data illustrated color 
meter analysis may be useful in initial field analyses of automotive coating frag-
ments for forensic purposes. 
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3. Spectroscopic Analysis of Automotive Coatings  
 Introduction 
 After examination of physical characteristics, chemical analysis is neces-
sary to further assess the likelihood that a questioned sample matches a known. 
Spectroscopic analysis via Fourier transform infrared (FTIR) spectroscopy, Raman 
spectroscopy, x-ray fluorescence (XRF) spectroscopy, and scanning electron mi-
croscopy-energy dispersive x-ray (SEM-EDX) spectroscopy have historically been 
utilized.11,33,34 The Federal Bureau of Investigation (FBI) and ASTM forensics 
standards provide guidelines for other analytical methods such as pyrolysis gas 
chromatography-mass spectrometry (PGC-MS), and fluorescence microscopy.11 
However, the overwhelmingly most utilized method of chemical analysis for foren-
sic examinations of automotive coatings remains FTIR spectroscopy. This has en-
couraged the development of spectral databases for the resins, pigments, and 
other additives present in these samples. Recent literature has focused on em-
ploying two or more spectroscopic methods in conjunction to differentiate pigments 
that provide similar spectra by a single method. Raman spectroscopy comple-
ments FTIR spectroscopy by detecting the polarizability change in symmetric mol-
ecules as the latter can detect only changes in dipole moment in asymmetric mol-
ecules. FTIR spectroscopy is typically used to identify binder chemistry and major 
fillers, while Raman spectroscopy is used to characterize pigments present. 
 Compounds that impart color to the base coat of automotive coatings can 
be inorganic or organic pigments, or organic dyes. Specific definitions of “dye” and 
“pigment” are provided by the Ecological and Toxicological Association of Dyes 
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and Organic Pigment Manufacturers (ETAD) and Color Pigment Manufacturers 
Association (CPMA), but the term pigment is frequently used in the automotive 
coatings literature to describe all color-imparting additives.35 In neutral coatings, 
inorganic fillers are often used in addition to pigments to increase the solids content 
and hiding power as they are typically less expensive. Common inorganic fillers 
employed that have been analyzed by FTIR spectroscopy are clays such as talc 
and kaolin, barium sulfate, calcium carbonate, anatase and rutile titanium dioxide, 
and natural and synthetic silica.33,36,37 Inorganic pigments used in blue and green 
base coats such as iron ferrocyanide have also been discussed in the literature.38 
Yellow, orange, and red inorganic pigments such as nickel titanate, chrome titan-
ate, and hydrous ferric oxide have been studied.34 However, organic pigments are 
sometimes used in conjunction with inorganics in the same base coat to achieve 
certain colors or avoid health hazards associated with common pigments. For ex-
ample, chrome yellow was replaced by isoindoline yellow with hydrous ferric oxide 
and bismuth vanadate in the 1990s because of health concerns.34  
 Spectra become complex with multiple pigments, and organic pigments 
tend to exhibit lower intensity peaks in FTIR spectroscopy. This can make identi-
fying organic pigments in spectra of unknowns difficult due to the dominance of 
resin and inorganic pigment peaks.36 Furthermore, some inorganic pigments are 
symmetrical coordination complexes such as phthalocyanine blue, which do not 
produce signals in FTIR spectra. 39 Thus, FTIR spectroscopy is not sufficient for 
characterizing all automotive coating samples. Therefore, Raman spectroscopy is 
an important complementary technique for base coat pigment analysis. 
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 Raman spectroscopy has many additional advantages over FTIR spectros-
copy. Generally, spectra can extend to lower frequencies well below 600 cm-1 com-
pared to the roughly 600 cm-1 lower limit of mercury cadmium telluride (MCT) de-
tectors used in FTIR spectrometers.39 This is important because many pigments 
exhibit distinct bands in the lower frequency region around 500 cm-1 to 600 cm-1. 
Furthermore, Raman bands generally do not overlap and spectra are not affected 
by environmental interferences such as carbon dioxide and water.39 Current liter-
ature illustrates the discriminating power of FTIR and Raman spectroscopies com-
bined for characterizing the binder and pigments of automotive base coats.34,40–45 
In one study, the low intensity peaks from an organic pigment in the IR spectrum 
of a red automotive base coat were clearly identified in the Raman spectrum of the 
sample.36 
 Nonetheless, FTIR spectroscopy is the primary method of binder identifica-
tion in the literature. As the primary purpose of base coats is aesthetic, the binder 
chemistries used can vary greatly. In one study of 52 automotive coatings, eight 
binder chemistries were identified: amino, acrylic, epoxy, vinyl perchloride, nitro-
cellulose, alkyd, and polyurethane.40 Binder chemistries can be identified based 
on prior analysis of different binder types due to subtle differences in the fingerprint 
region below roughly 1800 cm-1.10 Binders of coatings result in fewer peaks of 
higher intensity compared to pigments due to their relative abundance. Therefore, 
characteristic peaks can be ruled out to permit identification of inorganic pigment 
peaks.40 Manufacturers also have tendencies to preferentially utilize certain binder 
chemistries, and these have been noted in the literature ( 
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Table 3.1).10 These chemistries differ slightly when coatings are refinished; nitro-
cellulose lacquers (sometimes acrylic-modified), solution acrylic lacquers, alkyd, 
acrylic-alkyd, acrylic-urethane, and flexible urethane enamels are common. Ure-
thane hardeners are also often used with the refinish acrylic and alkyd enamels 
employed. 
Table 3.1 Original Finish Binders on Current Vehicles10 
 
Domestic Foreign 
Nonmetallic Metallic 
Acrylic lacquers   
solution GM cars  
Acrylic-melamine enamels 
 Some Asian man-
ufacturers (Nis-
san, Honda, Hyun-
dai, Subaru) 
Most Asian base 
and clear coats 
(Honda, Mazda, Nis-
san, Mitsubishi, 
Subaru, Suzuki, 
Toyota) 
Most European clear 
coats 
Some European 
base coats 
solution All cars and trucks  
dispersion All cars and trucks 
waterborne GM in California 
Polyester-melamine enamels 
Ford Some Asian non-
clear coat models 
(Honda, Nissan, 
Toyota) 
Most European base 
coats 
Some European 
clear coats (BMW, 
Fiat, SAAB, VW, 
Volvo) 
Polyurethane enamels All flexible fascia  
Alkyd-melamine enamels 
 Many Asian manu-
facturers (Honda, 
Mazda, Nissan, 
Mitsubishi, Sub-
aru, Toyota) 
Some Mercedes-
Benz with acrylic-
melamine clear 
coats 
Most European 
manufacturers 
(BMW, Fiat, Mer-
cedes-Benz, MG, 
SAAB, VW, Volvo) 
 
 
 Clear coats analysis is often for subtle differences in the binder chemistry, 
such as the presence or quantity of hardener or crosslinking component. Sample 
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preparation is simpler compared to full system analysis due to the absence of light-
absorbing pigments. Sample preparation methods reported in the literature utilize 
scalpels to obtain scrapings of the clear coat off samples; however, this method 
requires a large sample to obtain sufficient scrapings.46–48 ATR FTIR spectroscopy 
can also be performed on the sample in situ as the depth of penetration of common 
crystals is sufficiently shallow compared to the thickness of most clear coats. 
 Currently, high resolution FTIR spectra of common automotive pigments 
are available on the SWGMAT website, and the Federation of Societies for Coat-
ings Technology published An Infrared Spectroscopy Atlas for the Coatings Indus-
try in 1980, recently revised in 1991, and available as a spectral library.49,50 These 
resources provide spectra of pure, individual coating components such as pig-
ments, fillers, and resins. However, the most comprehensive spectral database of 
automotive coating layers from actual samples is the Paint Data Query (PDQ), 
managed by the Royal Canadian Mounted Police.51 PDQ is a text-based search 
system with information on the color, layer sequence, and chemical composition 
of each layer as determined by FTIR spectroscopy. The organization collects over 
1500 samples each year, over 500 of which are selected for inclusion in the data-
base.52 However, the text-based system does not permit facile comparison of 
quantities of compounds present due to differences in collection parameters. This 
becomes an issue with clear coat analysis as all currently manufactured clear 
coats utilize either acrylic melamine styrene or urethane-modified acrylic melamine 
styrene as the binder.53 Direct comparison of spectra collected under identical pa-
rameters is essential to differentiating similar coatings from different sources.  
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Most FTIR spectra in published databases is taken in transmission or atten-
uated total reflectance (ATR) modes. The merits of ATR over transmission mode 
have been discussed in the literature, including simpler sample preparation and 
increased intensity of minor peaks permitting discrimination of compounds present 
in small quantities.46,54 Transmission mode also typically requires time-consuming 
microtomy of thin sections to achieve sufficient transmission through opaque under 
coats. As FTIR spectroscopy detects functional groups, spectra collected in trans-
mission and ATR modes should exhibit comparable peak locations. Unfortunately, 
the mode of FTIR spectroscopy has been shown to have significant effects on 
locations of major peaks by as much as 12 cm-1; this increases variation in known-
questioned scenarios if different methods are used to collect the spectra.55 Though 
analysis of clear coats in the literature is mixed on use of transmission and ATR, 
under coats are primarily analyzed in transmission mode as contamination be-
tween layers can occur with ATR on cross sections. Spectra in the current literature 
have been collected with a variety of sampling and instrument conditions since no 
standardized protocols for analysis of automotive coatings has been established. 
Similarly, no standard procedure for pigment identification in automotive base 
coats utilizing Raman spectroscopy has been determined.  
Forensic examinations require analysis of samples in their entirety, which 
often include opaque under layers. Therefore, transmission FTIR spectroscopy will 
be used here, as all layers can be analyzed simultaneously and the disadvantages 
of ATR avoided. The goal is to develop recommendations for a protocol on forensic 
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analyses of automotive coating fragments using transmission FTIR and Raman 
microspectroscopic methods. 
 Experimental 
 The sample set analyzed was previously discussed in Section 2.2 (Table 
2.1). Samples for transmission FTIR microspectroscopy were prepared and ana-
lyzed in a low-pressure diamond anvil cell (DAC). Cross sections of 5 µm thickness 
were microtomed from the epoxy-embedded samples, flattened with an Excel 
roller, and transferred to one diamond window of the DAC; the DAC was fully as-
sembled with an O-ring and upper diamond window, and the cross section com-
pressed. The upper window was removed and the cell reassembled so spectra 
were collected through only one diamond window to reduce noise from the absorb-
ance of diamond. For Raman microspectroscopy, the epoxy-embedded samples 
were microtomed for surface smoothness, and spectra obtained directly on the 
embedded samples. 
 FTIR spectra were obtained on a Thermo Scientific Nicolet iN10 MX IR mi-
croscrope/spectrometer employing a KBr beamsplitter and liquid-nitrogen cooled 
MCT-A detector. The microscope component was a permanently aligned 15X (NA 
0.7) objective. Spectra of 4 cm-1 resolution were collected in transmission mode 
from 500 cm-1 to 4000 cm-1 at three different locations for each layer. Though the 
lower limit of the detector provided by the manufacturer is 650 cm-1, some inorganic 
fillers exhibit intense, characteristic peaks in this region, so the range was ex-
tended and only large peaks in this region noted. Each spectrum was an average 
of 256 scans, and variable aperture was used to avoid interference from adjacent 
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layers. Spectra of all visible layers were obtained with OMNIC Picta software in 
units of absorbance. Spectra were processed and analyzed with OriginLab soft-
ware. The spectra of each layer were baseline corrected by subtracting the same 
baseline for the three locations. The spectra were then truncated to the fingerprint 
region of 675 cm-1 to 1800 cm-1 where the most useful peaks for binder and pig-
ment identification occur, and absorbance normalized from 0 to 1. Spectra were 
separated into five groups by layer type (clear coats, base coats, primer surfacers, 
primers, and substrates) before principal component analysis (PCA) was carried 
out with GNU Octave software. 
 Raman spectra were obtained with a Bruker Senterra spectrometer 
equipped with 532 nm and 785 nm lasers, and a Peltier-cooled silicon CCD detec-
tor. Only clear coats and base coats of the samples were analyzed as these layers 
exhibited the greatest spectral variation, and are most likely to be transferred in 
automotive collisions. Layers were examined using both lasers as different pig-
ments used in base coats can exhibit preferential Raman scattering based on ex-
citation source.43 A 20X (NA 0.40) objective was preferred for larger depth of field, 
resulting in a laser spot size of roughly 5 µm, but 50X (NA 0.45) and 100X (NA 
0.90) objectives were employed if samples consisted of layers less than 10 µm 
thick.56,57 The aperture size was kept constant at 50 µm by 1000 µm. Power of the 
532 nm laser was kept between 0.2 mW and 2 mW for most base coats and in-
creased up to 10 mW for some clear coats. Power of the 785 nm laser was kept 
between 1 mW and 10 mW for base coats, and increased up to 100 mW for some 
clear coats. Sample degradation was prevented by adjusting the integration time 
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and number of co-additions. In some cases, photobleaching was employed to de-
crease fluorescence; total sampling time was maintained under 3 minutes for the 
majority of spectra and under 5 minutes for all spectra. Spectra at three locations 
of each layer were collected with resolution of 9 cm-1 to 15 cm-1 utilizing a 
400 lines/mm grating monochromator. The full spectral range for each laser was 
collected: 50 cm-1 to 4442 cm-1 for the 532 nm laser and 70 cm-1 to 3200 cm-1 for 
the 785 nm laser. Neon lamp calibration and background spectra were collected 
before analysis of each layer. Each spectrum was baseline corrected using Bruker 
OPUS software employing concave rubberband correction with 20 iterations. Fur-
ther processing was performed with OriginLab software. Spectra obtained with the 
532 nm and 785 nm lasers were truncated to 950 cm-1 to 1950 cm-1 and 550 cm-1 
to 1850 cm-1, respectively. The Raman intensity of each spectrum was normalized 
from 0 to 1. PCA was performed on the clear coat spectra obtained with both lasers 
using GNU Octave software to identify major peaks and differences. CI pigments 
were identified in the base coat spectra by comparison to literature spectra.58 
 Results and Discussion 
 The transmission FTIR spectra of the samples were used to identify the 
binder of each layer. These results are summarized in Table 3.2 for the clear coats 
and base coats, Table 3.3 for the primer surfacers and primers, and Table 3.4 for 
the substrates. The layers are abbreviated as follows: C = clear coat, B = base 
coat, E = effect layer, PS = primer surfacer, P = primer, and S = substrate. Only 
two samples contained effect layers separate from the base coat; these were 
grouped with the base coats. The number following the layer designation refers to 
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the order of the layer in the sequence from substrate to surface for refinished sam-
ples; for instance, “18A C1” refers to the original clear coat of sample 18A while 
“18A C2” refers to the refinish clear coat. The abbreviations for the structures iden-
tified are as follows: A = acrylic, U = urethane, M = melamine, S = styrene, P = 
polyester, K = alkyd, E = epoxy, PE-PP = polyethylene-polypropylene copolymer, 
and PU = polyurethane. General structures of common binder components found 
in automotive coatings are provided for reference (Figure 2.1). 
 
Figure 3.1 Structures of common binder components in automotive clear and base 
coats. 
  
35 
 
Table 3.2 Binder Chemistry of Clear Coats and Base Coats Identified by IR Spec-
troscopy 
 
  
 
  
Binder Binder Additives
1A C1 A U M S (oxithane) 1A E1 A U M S
1A C2 A U M S (oxithane) 1A E2 A U M S
2A C1 A U S (oxithane) 2A B1 A U M
2A C2 A U S (oxithane) 2A B2 A U M
2A C3 A U S (oxithane) 2A B3 A U M
2A C4 A U S (oxithane) 2A E1 A U M S
3 C A S 2A E2 A U M S
10 C A U S (oxithane) 2A E3 A U M S
10P C A U M S 3 B A S
11 C1 A M 10 B A U S
11 C2 A U S (oxithane) 10P B A U M
12 C1 A M S 11 B1 A M
12 C2 A U S (oxithane) 11 B2 A U S (oxithane)
13 C1 A U S (oxithane) 12 B1 A U M
13 C2 A U S (oxithane) 12 B2 A U M S
13 C3 A U S (oxithane) 13 B1 A U M S
15 C A S 13 B2 A U S
17 C A U S 15 B A M BaSO4
18 C1 A M 17 B K
18 C2 A M 18 B1 A U M
18A C1 A U M S 18 B2 A U M
18A C2 A U S (oxithane) 18A B1 A U M
19A C A U S (oxithane) 18A B2 A K U
34PS C A U M S 19A B A K U
34PW C A U M S 34PS B A U M S
58 C A M 34PW B A U M
58P C A M 58 B A M TiO2
59 C1 A M 58P B A M TiO2
59 C2 A M 59 B1 A M TiO2
D782 C A U S (oxithane) 59 B2 A M TiO2
D786 C A M D782 B A U S
D786 B A M BaSO4
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Table 3.3 Binder Chemistries of Primers Identified by IR Spectroscopy 
 
Table 3.4 Composition of Substrates Determined by IR Spectroscopy 
 
The binders of automotive clear coats are generally some form of acrylic 
melamine, though urethane modification is not unusual to impart higher gloss, 
hardness, and ruggedness.10 A new generation of “oxithane-type” urethane-modi-
Binder Additives Binder Additives
1A PS A U M TiO2, BaSO4 1A P E
2A PS A U M 2A P A U M
3 PS A M TiO2 3 P E TiO2
10P PS A M 10 P E
12 PS P M TiO2 10P P E
15 PS A M BaSO4 11 P1 A M
18 PS A M BaSO4 11 P2 A M
18A PS P M TiO2, BaSO4 12 P E TiO2
34PS PS A M TiO2 13 P E CaCO3, BaSO4
34W PS A M TiO2 15 P E BaSO4
58 PS P M TiO2 17 P K BaSO4
58P PS E 18 P E
D786 PS P M 18A P E
19A P A CaCO3, BaSO4
34PS P E BaSO4
34PW P E BaSO4
58 P E
58P P E
59 P1 A M
59 P2 A M
D782 P A U S
D786 P E
Binder Additives
2A S PE-PP talc
11 S PU
13 S PE-PP
17 S PE-PP
19A S PE-PP talc
59 S PE-PP talc
D782 S PE-PP talc
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fied acrylic clear coat is being employed in more refinishes with a distinct IR spec-
trum present in this sample set (Figure 3.2).10 This type of binder was identified by 
the doublet of nearly equal intensity at roughly 1690 cm-1 and 1730 cm-1, and the 
sharp peak at roughly 1463 cm-1 of similar intensity. The peak at 1730 cm-1 corre-
sponds to the carbonyl stretching vibration common to all the components in auto-
motive clear coats. The peak at 1690 cm-1 corresponds specifically to the carba-
mate carbon-oxygen single bond stretching vibration of the urethane component. 
The 1463 cm-1 peak corresponds to methyl and methylene deformation vibrations 
in the acrylic backbone.10 The presence of melamine as a crosslinking agent in 
many acrylic clear coats was noted by the characteristic peaks at 815 cm-1 and 
1550 cm-1 (Figure 3.3). The 815 cm-1 peak corresponds to the triazine ring carbon-
hydrogen bending vibration while the 1550 cm-1 peak is due to in-plane vibration 
of the triazine ring.46 Many acrylic clear coats are also styrene-modified, resulting 
in sharp peaks at 700 cm-1 and 760 cm-1 from the aromatic carbon-carbon double 
bond bending vibrations (Figure 3.3). Though the example spectra provided are of 
clear coats, urethane, melamine, and styrene modifications were observed in a 
number of the base coats spectra as well (see Table 3.2). 
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Figure 3.2 FTIR spectrum of the refinish clear coat of sample 11, an "oxithane-
type” urethane-modified acrylic binder. Arrows represent key peaks. 
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Figure 3.3 FTIR spectrum of acrylic clear coats with melamine and styrene modi-
fications. Asterisks represent key peaks. 
 The primary binder chemistries of automotive base coats and clear coats 
can be broadly classified as either acrylic, alkyd, or polyester, as these have been 
used by both domestic and international manufacturers in recent history (see  
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Table 3.1).10 As the main functional groups of these binders are all very similar 
(ester-based), the fingerprint region between 1100 cm-1 and 1300 cm-1 is extremely 
important in differentiating these binders. If the highest intensity peak in this region 
lies between 1150 cm-1 and 1180 cm-1, the binder is likely acrylic. If this peak is 
between 1235 cm-1 and 1245 cm-1, the binder is likely polyester, and if this peak is 
between 1260 cm-1 and 1280 cm-1, the binder is likely alkyd-based.10 This method 
was based on examination of known coating spectra for general trends in major 
absorptions. These binder types were encountered in the present sample set (Fig-
ure 3.4). The clear coat of sample 15 was acrylic with the key peak at 1165 cm-1. 
The base coat of sample 17 was characterized as alkyd-based with the highest 
intensity peak in this region at 1265 cm-1. Finally, the spectra of the primer surfacer 
of sample 12 exhibited the highest intensity peak in this region at 1238 cm-1. 
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Figure 3.4 FTIR spectra of acrylic, alkyd, and polyester coating layers. Vertical 
lines delineate the region of interest for differentiation between these binder types; 
asterisks represent the highest intensity peak in this region. 
 Epoxy was not observed as a binder in any of the clear coats and base 
coats examined. This was expected given the history of clear coat chemistries em-
ployed by automotive manufacturers. However, epoxy was observed as the main 
chemistry for primers in this sample set. The FTIR spectrum of epoxy is easily 
recognized and differentiated from that of the previously mentioned binders be-
cause it is not ester-based and varies only slightly between samples. However, the 
1730 cm-1 ester carbonyl peak can be present in spectra of many alkyd or acrylic-
modified epoxy primers.10 The FTIR spectra of epoxy primers exhibit characteristic 
peaks at 830 cm-1 and 1510 cm-1 (Figure 3.5). The peak at 830 cm-1 is the result 
of out-of-plane bending of adjacent hydrogens in bisphenol A, while the peak at 
1510 cm-1 is the carbon-carbon double bond stretch of the bisphenol aromatic 
ring.10 Due to the intense characteristic epoxy bands in the 1100 cm-1 to 1300 cm-
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1 region, it is difficult to determine what other resin chemistries (acrylic or alkyd) 
are present if in small quantities. In the present sample set, the only non-primer 
epoxy resin identified was the primer surfacer of sample 58P. This standard panel 
corresponds to sample 58, which had a polyester primer surfacer. However, the 
primer surfacers of the other three standard samples examined (10P, 34PS, and 
34PW) did not match the primer surfacers of their corresponding samples (10 and 
34) either. 
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Figure 3.5 FTIR spectrum of the epoxy primer of sample 1A. Arrows represent key 
peaks for epoxy identification. 
Finally, the substrates of the samples on plastic were analyzed to see if any 
differentiating information could be gained. The primary chemistry observed was 
polyethylene-polypropylene copolymer, with only sample 11 having a polyurethane 
substrate. The characteristic peaks for PE-PP occur at 1014 cm-1, 1377 cm-1, and 
1460 cm-1 (Figure 3.6). The primary peaks for PU occur at 1103 cm-1 and 
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1539 cm-1, based solely on the substrate of sample 11 when compared to refer-
ence spectra available in spectral libraries. 
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Figure 3.6 FTIR spectrum of the substrates of samples 11 (PU) and 13 (PE-PP). 
Asterisks represent key peaks for identification of these substrate chemistries. 
As previously mentioned, FTIR spectroscopy is a poor method for detecting 
pigments as the binder routinely exhibits intense absorbance, obscuring any char-
acteristic peaks. However, some inorganic fillers commonly employed in the under 
layers of automotive coatings exhibited peaks of sufficient intensity for identifica-
tion. These included titanium dioxide in all the white base coats, barium sulfate, 
calcium carbonate, and talc in some of the substrates; this indicates FTIR spec-
troscopy of substrates may provide useful differentiating information based on in-
organic filler presence. Titanium dioxide exhibits a characteristic broad peak cen-
tered at roughly 640 cm-1 as observed in the spectrum of the base coat of sample 
58P (Figure 3.7). Barium sulfate exhibits characteristic peaks at roughly 611 cm-1 
and 638 cm-1, visible in the spectrum of the primer of sample 19A. Also present in 
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this layer was calcium carbonate which exhibits distinct peaks at 875 cm-1 and 
1454 cm-1. Finally, many of the PE-PP substrates contained talc, which exhibits a 
distinct peak at 1022 cm-1. 
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Figure 3.7 FTIR spectra of automotive coating layers containing barium sulfate 
(black), calcium carbonate (blue), titanium dioxide (red), and talc (green). Asterisks 
represent the key peaks for identifying these additives in IR spectra. 
The binders of the examined clear coats and base coats were primarily 
acrylic with urethane, melamine, and styrene modifications. The primer surfacers 
were primarily acrylic-melamine with some polyester-melamine layers identified, 
and the primers were nearly all epoxy. Though the present sample set was too 
small to obtain quantitative data for make or model identification from principal 
component analysis, the score plots of the spectra grouped by layer type were 
observed to identify any significantly different spectra. Score plots are visual rep-
resentations of the data in the new coordinate system. In the score plot of the first 
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two principal components (PCs) of the clear coat spectra, all of the samples were 
fairly scattered (Figure 3.8). The factor loadings of PC 1 indicated the main differ-
entiating features observed in this spectral set were at 815 cm-1, 1487 cm-1, and 
1550 cm-1, characteristic of melamine; this indicated the primary differentiating fac-
tor for the clear coats was melamine-modification (Figure 3.9). The score plot of 
the base coat set were scattered, but a large cluster of samples with positive PC 
2 correlation emerged (Figure 3.10). The factor loadings for PC 2 indicated the 
samples with negative PC 2 differed primarily in having a large, broad peak in the 
675 cm-1 region; this is the characteristic titanium dioxide peak, so this was the 
group of white samples (Figure 3.11). The primer surfacer set did not yield any 
clusters based on the new coordinate system. However, a group exhibiting positive 
correlation with PC 1 was evident from the score plot of the primer spectra set 
(Figure 3.12). This group had significant peaks at 830 cm-1 and 1510 cm-1 based 
on the factor loadings for PC 1, which are characteristic of epoxy; this separated 
the primer set into two groups of epoxy-based or other (Figure 3.13). The substrate 
set was previously grouped by observation into PE-PP and PU substrates; this 
was illustrated by the score plot in which PC 1 corresponded to the PU substrate 
of sample 11 (Figure 3.14). The PC 1 factor loadings confirmed this observation, 
as the positive correlations were basically the spectrum of the PU substrate. The 
group with negative PC 2 was the PE-PP substrates lacking talc based on the 1024 
cm-1 peak in the factor loadings. 
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Figure 3.8 Score plot for PCs 1 and 2 of clear coat IR spectra set. 
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Figure 3.9 Factor loadings for PC 1 of the clear coat FTIR spectra set. Arrows 
represent peaks corresponding to melamine modification. 
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Figure 3.10 Score plot of PCs 1 and 2 of base coat IR spectra set. 
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Figure 3.11 Factor loadings for PC 2 of the base coat FTIR spectra set. Arrow 
represents the peak corresponding to titanium dioxide. 
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Figure 3.12 Score plots for PCs 1 and 2 of primer IR spectra set. 
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Figure 3.13 Factor loadings for PC 1 of the primer FTIR spectra set. Arrows repre-
sent peaks indicating presence of epoxy. 
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Figure 3.14 Score plots for PCs 1 and 2 of substrate IR spectra set (left). The 
cluster on the left represents the substrate of sample 11. Factor loadings for PCs 
1 and 2 of the substrate FTIR spectra set (right). The asterisks indicate key peaks 
corresponding to PU in PC 1 and talc in PC 2. 
 The Raman spectroscopy results for the clear and base coats are summa-
rized in Table 3.5. In the clear coat portion, “+” indicates spectra with relatively low 
or no fluorescence background were obtained, “-” indicates spectra with some flu-
orescence, but significant peaks were obtained, and “x” indicates the sample ex-
hibited only fluorescence with no significant peaks. Raman spectra of 14 clear 
coats were obtained with the 532 nm laser and 20 with the 785 nm laser. This was 
expected as near-IR lasers have been shown to induce less fluorescence in the 
literature.43,59 The pigments identified in the base coat spectra are noted with their 
CI name. 
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Table 3.5 Raman Spectroscopy Results 
 
Since the clear coat binders were already identified by IR spectroscopy, 
PCA was done on the spectral sets collected with the two lasers to determine if 
any significant differences useful for differentiation existed between the Raman 
spectra. An important consideration in analysis of these spectra was how the 
532 nm and 785 nm lasers necessarily produced different photons even if the laser 
powers were comparable. Raman shift is still relative to the laser used as opposed 
Sample 532 nm 785 nm Sample 532 nm 785 nm
1A C1 + x 1A E1 PB60, fluorescence fluorescence
1A C2 - x 1A E2 PB60 fluorescence
2A C1 - x 2A B1 fluorescence PW6, fluorescence
2A C2 - x 2A B2 fluorescence PW6, fluorescence
2A C3 - x 2A B3 fluorescence PW6, fluorescence
2A C4 - + 2A E1 fluorescence fluorescence
3 C x + 2A E2 fluorescence fluorescence
10 C + + 2A E3 fluorescence fluorescence
10P C x + 3 B fluorescence PR254(α)
11 C1 x x 10 B PBK6, fluorescence PBK6, fluorescence
11 C2 + + 10P B fluorescence PBK7
12 C1 x + 11 B1 fluorescence PB60
12 C2 x + 11 B2 PBK6 PBK6
13 C1 x + 12 B1 fluorescence PR254(α)
13 C2 x + 12 B2 fluorescence PR254(α)
13 C3 x + 13 B1 fluorescence PR254(α)
15 C x - 13 B2 fluorescence PR254(α)
17 C x + 15 B PBK7, fluorescence PBK7
18 C1 x x 17 B fluorescence PBK9
18 C2 x + 18 B1 PR149, fluorescence fluorescence
18A C1 + x 18 B2 PR149, fluorescence fluorescence
18A C2 + + 18A B1 PB60 PB60
19A C x + 18A B2 PB15, PV23(β) PB15, PV23(β), fluorescence
34PS C x x 19A B PV23(β), fluorescence PB15, PB60
34PW C x x 34PS B PB60 PB60, fluorescence
58 C - + 34PW B PB60 PB60, fluorescence
58P C - - 58 B PW6, fluorescence PW6
59 C1 x - 58P B PW6 PW6, fluorescence
59 C2 x - 59 B1 PW6 PW6
D782 C - + 59 B2 PW6 PW6
D786 C - x D782 B PV23 PB15, fluorescence
D786 B fluorescence fluorescence
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to the absolute frequency measurement in IR spectroscopy.60 The Raman shift 
ranges of common functional groups found in the literature are fairly wide, and the 
vibrations labeled here differed slightly depending on the dataset. 
The factor loadings for the first three PCs of the clear coat Raman spectral 
set collected with the 532 nm laser exhibited highest intensity positive correlations 
for PC 1 at 1128 cm-1, 1407 cm-1, and 1623 cm-1 (Figure 3.15). This first vibration 
corresponds to the acyclic aliphatic carbon-carbon chain bending, a general vibra-
tion of the acrylic backbone. The second vibration at 1400 cm-1 corresponds to the 
asymmetric methyl and CH2 stretching, another result of the acrylic backbone. The 
vibration at 1623 cm-1 corresponds to a carbon-nitrogen double bond vibration, 
likely the result of melamine modification and in agreement with the IR spectros-
copy clear coat analysis. The high intensity correlations for PC 2 occurred at Ra-
man shifts similar to PC 1, but with a negative factor loading at roughly 1623 cm-1 
representing samples lacking melamine modification. The PC 3 positive loadings 
at roughly 1020 cm-1 and 1048 cm-1 were most intense, and likely the result of 
styrene modification as the trigonal ring breathing of the aromatic ring manifests 
as a peak at roughly 1031 cm-1.   
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Figure 3.15 Factor loadings of the first three PCs for clear coat Raman spectra 
taken with the 532 nm laser. Asterisks identify the highest intensity peaks in the 
factor loadings of each PC. 
 The factor loadings for the first three PCs of the clear coat Raman spectra 
collected with the 785 nm laser are shown in Figure 3.16. The factor loadings for 
PC 1 were primarily negative with significant loadings at 978 cm-1, 1303 cm-1, 
1450 cm-1, 1595 cm-1, and 1732 cm-1. The 978 cm-1 peak is the result of triazine 
ring breathing, indicative of melamine modification. The 1303 cm-1 peak is due to 
CH2 in-phase twisting vibrations from the acrylic backbone. The 1450 cm-1 peak 
is also due to the acrylic binder and the result of methyl and CH2 deformations in 
the backbone. The 1595 cm-1 peak is due to some aromatic derivative, likely the 
quadrant stretch of some benzene derivative used in the clear coat.59 Styrene 
was ruled out as it exhibits a strong, characteristic peak at 1000 cm-1, which man-
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ifests at a positive factor loading in PC 1. The 1732 cm-1 peak is the characteris-
tic carbonyl stretch, attributed to the acrylic binder of most of the clear coats ex-
amined. 
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Figure 3.16 Factor loadings of the first three PCs for clear coat Raman spectra 
taken with the 785 nm laser. Asterisks identify the highest intensity peaks in the 
factor loadings of each PC. 
 Example Raman spectra of the different clear coat chemistries identified in 
the sample set are shown in Figure 3.17. Annotation colors correspond to the 
chemistries as follows: acrylic = blue, urethane = red, melamine = pink, styrene = 
green. The clear coat spectrum of sample 58 (bottom) collected with the 785 nm 
laser exhibited prominent peaks corresponding to the melamine-modified acrylic 
binder.59 The peak at roughly 978 cm-1 is ascribed to melamine triazine ring breath-
ing. The clear coat spectrum of sample 3 (middle) exhibited the characteristic 
acrylic peaks in the 1300 cm-1 to 1800 cm-1 region, and styrene peaks at lower 
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frequencies. The peaks at 1304 cm-1, 1448 cm-1, and 1728 cm-1 correspond to CH2 
in-phase twisting vibrations, CH3 and CH2 deformations, and carbonyl stretches in 
the acrylic binder. The peaks at 620 cm-1, 1000 cm-1, 1030 cm-1, and 1190 cm-1 
correspond to ring deformation, trigonal ring breathing vibrations, and the C6H5-C 
stretching vibration due to the styrene modification.45,59 The main peaks for mela-
mine and styrene modification occur in roughly the same Raman shift range, in-
creasing the potential for mistakes if Raman spectroscopy is solely used for spec-
troscopic analysis. This highlights the importance of utilizing multiple methods in 
clear coat analysis. In such cases, the most specific peaks should be used for 
determining presence of these modifications: the 1000 cm-1/1030 cm-1 peak pair 
for styrene and the 978 cm-1 peak for melamine. The clear coat Raman spectrum 
of sample 19A (top) was representative of the new generation “oxithane”-type 
acrylic-urethane binder previously discussed. The primary peak in the Raman 
spectra differentiating this type of clear coat from a typical acrylic styrene coating 
occurs at roughly 1760 cm-1, alongside the usual 1730 cm-1 carbonyl acrylic peak. 
This peak is due to the carbamate carbonyl structure of urethane and would con-
firm the coating is urethane-based in the absence of IR spectra, though not nec-
essarily “oxithane”-type.61,62 
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Figure 3.17 Raman spectra of (top) an oxithane acrylic urethane clear coat, (mid-
dle) an acrylic styrene clear coat, and (bottom) an acrylic melamine clear coat 
taken with the 785 nm laser. Vertical lines identify chemical composition analyzed 
in the discussion. 
 The CI pigments in the base coats were identified by comparison to refer-
ence spectra of pure pigments available in the literature (Table 3.5).58 Most litera-
ture on Raman spectroscopy of automotive coatings utilize near-IR laser excita-
tion, so the reference spectra were all collected with a 785 nm laser. Nevertheless, 
the peak patterns act as fingerprints of the pigments, which can be identified in 
sample spectra collected with different excitation sources regardless of differences 
in peak position. The Raman spectrum of the refinish base coat of sample 12 col-
lected with the 785 nm laser indicated the layer contains PR254(α), an organic red 
pigment dikeopyrrolo-pyrrole (DPP); the region highlighted in the reference spectra 
correspond to the range of the sample spectrum shown (Figure A.1).58 This pig-
600 800 1000 1200 1400 1600 1800 2000
0.0
0.5
1.0
1.5
2.0
2.5
3.0
N
o
rm
a
liz
e
d
 R
a
m
a
n
 I
n
te
n
s
it
y
 (
A
.U
.)
Raman Shift (cm-1)
55 
 
ment was also found in the original base coat of the same sample, and in the orig-
inal and refinish base coats of sample 13. The spectrum of the original base coat 
of sample 18A (Figure A.2) indicated the layer contains PB60, an organic blue 
pigment indathrone.58 This pigment was also found in the base coats of samples 
19A, 34PS and 34PW. These results were expected as samples 34PS and 34PW 
were standards obtained from the manufacturer of the vehicles from which sam-
ples 18A and 19A were obtained. This pigment was also found in the spectra of 
the effect layers of sample 1A collected with the 532 nm laser, demonstrating how 
pigments in base coats can be identified even if the reference and sample spectra 
are collected with different lasers. For all of the white samples, only rutile titanium 
dioxide (PW6) was observed in the base coat Raman spectra (Figure A.3), which 
corresponds with the IR spectroscopy results. Low power was used to avoid deg-
radation of the highly absorbent black base coats, resulting in noisy spectra; how-
ever, carbon black in various forms was still distinguishable. Carbon black exhibits 
peaks at roughly 1300 cm-1 and 1600 cm-1, and the spectrum of the base coat of 
sample 10P taken with the 785 nm laser exhibited peaks characteristic to the PBK7 
form of carbon black (Figure A.4). 
Finally, the initial rationale for collecting spectra with both excitation sources 
was the concept that certain pigments in a sample may exhibit preferential Raman 
scattering towards a source. This was observed in the base coat of sample 19A, 
which exhibited spectra containing peaks corresponding to the organic violet pig-
ment dioxazine (PV23(β)) when excited with the 532 nm laser, and peaks corre-
sponding to the organic blue pigments phthalocyanine (PB15) and PB60 with the 
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785 nm laser (Figure A.5); the red arrows indicate the PB60 peaks and the blue 
arrow indicates the peak corresponding to PB15.58 This phenomenon has been 
observed in the literature on Raman spectroscopy of blue automotive paints.43 
 Conclusions  
The sample set of automotive coatings analyzed represented vehicles man-
ufactured no earlier than 2000, the five most common colors (black, grey, white, 
blue, and red), and effect and flat paints on metal and plastic substrates. Though 
the number of samples was insufficient to identify groups based on manufacturer 
or plant by PCA, the results support the development of standards for more facile 
and consistent spectroscopic analysis of automotive coatings in forensic laborato-
ries. By preparing samples with microtomy and using transmission FTIR spectros-
copy, cross sections of entire fragments can be analyzed at once. Similarly, for 
Raman microspectroscopy, embedding the sample and analyzing the cross sec-
tion allows all layers to be analyzed with one sample preparation. For transmission 
IR spectroscopy, sections should be microtomed to ensure the sufficient transmis-
sion, and the spectral range widened down to roughly 500 cm-1 to ensure all addi-
tive peaks are detected. IR spectral analyses should focus primarily on binder iden-
tification in all layers, and additive identification in under coats.  
For Raman spectroscopy, samples should be embedded in a resin so the 
cross section of the fragment with all the layers is visible. Microtoming cross sec-
tions is not recommended as the depth of penetration of the excitation sources 
employed in non-confocal Raman instruments can result in substrate interference. 
All clear coat spectra exhibited low signal to noise ratio and substrate interference 
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when Raman microspectroscopy on microtomed cross sections was attempted. By 
analyzing the fragment cross section along the entire length of the sample, signal 
from the clear coat is amplified. In the literature, Raman spectroscopy of automo-
tive clear coats has either been performed on compressed thin peels via macro-
scopic spectroscopy or by suspending the cross section on a sample holder with 
tape, avoiding substrates altogether.45,59 The former method is impractical as only 
fragments of clear coats may be acquired in forensics cases while the latter re-
quires greater care in sample preparation, increasing overall analysis time. Finally, 
near IR excitation is recommended for analysis of clear coats to avoid inducing 
fluorescence and to improve signal to noise in spectra. However, base coats 
should be analyzed with all available lasers as pigments may exhibit preferential 
scattering with different excitation sources. If fluorescence overwhelms spectra, 
photobleaching for at least one minute and at a power greater than the sampling 
power is recommended to minimize analysis time and obtain some peaks. Com-
parison of peak pattern to reference spectra available in the literature should be 
used to identify pigments, bearing in mind shifts in peak location may occur if dif-
ferent excitation sources were used to collect the spectra. Ideally, known samples 
should be embedded alongside questioned fragments and analyzed in tandem to 
minimize errors associated with sample preparation. The binder and additive infor-
mation obtained by IR spectroscopy combined with the pigment information de-
rived from Raman spectroscopy should enhance efficacy of known-questioned 
analyses of automotive coating fragments in forensic cases.
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4. Accelerated Weathering of Automotive Clear Coats 
 Introduction 
A final critical consideration in the characterization of unknown automotive 
coating fragments is sample age and history. This may be approximated by gaug-
ing the level of environmental damage incurred by the clear coat, as this layer 
incurs the majority of physical and chemical damage during service. The broad 
term “weathering” refers to all environmental factors that degrade the integrity of 
the clear coat and its ability to protect the remainder of the coating, including UV 
radiation, humidity or moisture, and temperature. For automotive coatings, UV ra-
diation is typically the most damaging aspect of exposure. Light-induced damage 
is generally referred to as photodegradation. For exposed polymeric materials, 
photolysis and photo-oxidation describe two mechanisms of UV degradation.63 
Photolysis is the homolytic cleavage of bonds in the absence of oxygen whereby 
absorption of radiation directly causes chain scission or radical formation in the 
backbone; this is characterized by Norrish Type I reactions commonly occurring in 
polyesters with aromatic backbone structures.64,65 Photo-oxidation is defined by 
radiation absorption initiating the formation of radicals that react with oxygen to 
produce reactive peroxy radicals, which propagate to further degrade the coating 
matrix; like photolysis, this can also result in chain scission.65 In this context, photo-
oxidation will always occur and its mechanisms dominate sample degradation be-
cause automotive coatings are exposed in aerobic conditions.  
In the presence of water, exposure can degrade the structure of clear coats 
through hydrolysis. Moisture from humidity and rain contribute in two primary ways 
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to coating degradation. First, water acts as a plasticizer to decrease the glass tran-
sition temperature of coatings which increases free volume, segmental motion of 
chains, and allows additional water to penetrate the matrix. Second, in environ-
ments with constantly changing humidity, the absorption and evaporation of mois-
ture from the surface leads to the development of internal stresses and mechanical 
deformation, facilitating further moisture absorption.65 Hydrolysis can also induce 
the creation of UV chromophores that accelerate radiation absorption and photo-
degradation reactions.66,67 In one study, rate of photo-oxidation increased in acrylic 
melamine coatings exposed to increasing humidity when light intensity and tem-
perature were kept constant.68 Precipitation can remove degradation products as 
they are formed, further exposing the bulk coating. Finally, UV absorption also 
tends to raise the surface temperature of coatings, accelerating moisture absorp-
tion. Moisture is the most difficult exposure factor to quantify and control in accel-
erated studies due to variations in experimental setup. Studies utilizing physical 
water sprays and controlled or variable relative humidity can be found.65 However, 
models of the effect of relative humidity on photo-oxidation rate have been devel-
oped from accelerated exposure experiments (Figure 4.1).69  
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Figure 4.1 Effect of relative humidity on photo-oxidation rate of acrylic-melamine 
coatings.69 
Temperature and UV radiation are not independent variables in coatings 
degradation because absorption of radiation increases the surface temperature of 
coatings. Differences in surface versus ambient temperature complicate outdoor 
weathering studies and UV radiation must be measured simultaneously. Temper-
ature influences degradation primarily by providing sufficient energy to activate and 
accelerate reactions. Total damage (D) incurred over time (t) is related to the light 
intensity (I), activation energy (Ea), and temperature (T) based on Equation 3, 
where R is the gas constant and A is the Arrhenius pre-exponential factor combin-
ing the proportionality constants for pure irradiance.65 Units for damage are based 
on intensity and the Arrhenius factor, which is based on the reaction order. Based 
on the literature, activation energy for photo-oxidation of polymers used in auto-
motive coatings is roughly 6.5 kcal/mol.70 The effect of temperature on reaction 
rate has also been studied using a modified form of the Arrhenius equation where 
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K is the reaction rate (Equation 4).65 Based on an activation energy of 5 kcal/mol, 
reaction rate increases 33% for every 10°C increase above ambient temperature.65 
These are important considerations because the color of the base coat can also 
affect how strongly the whole coating absorbs radiation, resulting in surface tem-
peratures of 38°C to 66°C.70 
𝐷 = ∑ 𝐼𝑡𝐴exp (−
𝐸𝑎
𝑅𝑇𝑡
)  Δ𝑡𝑡  (3) 
ln 𝐾 = − (
𝐸𝑎
1.987
) (
1
𝑇
) + 𝐴 (4) 
 UV radiation dominates degradation of exposed coatings, so quantifying 
absorbed radiation is an important focus of many weathering studies. Quantum 
efficiency is often used to describe the ratio of photons absorbed by a sample to 
incident photons. Models and controlled studies of apparent or relative quantum 
efficiency of automotive coatings with radiation intensity and wavelength range 
have been conducted.63,65 One study illustrated the effect of wavelength range on 
quantum efficiency of acrylic and ester automotive coatings (Figure 4.2).70 The 
quantum efficiency of ester coatings increases significantly below roughly 300 nm. 
The little radiation observed below 300 nm in outdoor exposure during the summer 
is not a significant issue in terms of different material sensitivities to wavelength 
range.70 Therefore, wavelength range should not be a significant issue for accel-
erated weathering of different automotive coatings if the artificial source is similar 
to sunlight. Degradation mechanism does not  appear to be distorted when radia-
tion is increased in weathering studies; however, surface temperature must remain 
well controlled to prevent altering photodegradation mechanisms.70 Accelerated 
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weathering studies must apply aggressive conditions without altering the mecha-
nisms that occur during outdoor exposure. 
 
Figure 4.2 Action spectrum illustrating the effect of wavelength range on quantum 
efficiency.70 
Since photolysis primarily occurs in polyesters under anaerobic conditions, 
photo-oxidative mechanisms are the primary concern. However, photolysis plays 
an important role in initiation of photo-oxidative reactions by reacting with func-
tional groups containing π-electrons such as carbonyls, carbon-carbon double 
bonds, and aromatic groups. In acrylic coatings, these are typically carbon-carbon 
double bonds and aromatic impurities from solvents or other reagents remaining 
after polymerization.65 Photodegradation progresses as a series of radical reac-
tions in three stages, akin to radical polymerization: initiation, propagation and/or 
transfer, and termination. Initiation occurs when UV radiation is absorbed by the 
polymer, producing highly reactive radicals. These radicals propagate and react 
with other species to transfer the radical, or with oxygen to form peroxides that 
cleave into peroxy radicals. Alkoxy and alkyl radicals also form as intermediates, 
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which can lead to chain branching when alkyl radicals form new crosslinks or chain 
scission occurs.65 The series of reactions terminates when two radicals recombine, 
and this produces different functional groups that can be used to quantify degree 
of photo-oxidation. This process for a polyester results in shorter, hydroxyl-termi-
nated chains (Figure 4.3).71 These reactions can also result in carboxylation and 
anhydride formation in polyesters.72 
 
Figure 4.3 General scheme of polyester photo-oxidation.71 
 A final consideration in the photodegradation mechanism is the susceptibil-
ity of crosslinks to degradation. The mechanisms and products of melamine and 
urethane crosslinked acrylic coating degradation have been well characterized. 
The reactive sites in both of these structures are the α-methylene carbon-hydrogen 
bonds.71,72 In melamine-crosslinked polyesters, photo-oxidation reactions can pro-
duce formate, amine, and formamide functionalities. In urethane-crosslinked poly-
mers, acetylurethane functionalization can form while the carbamate functionality 
is retained (Figure 4.4).72 By understanding the mechanisms of photodegradation, 
accelerated weathering of automotive coatings can be studied by quantifying the 
functional groups formed or degraded. This is important for service life prediction 
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of coatings for manufacturers, but could also provide forensic examiners with in-
formation on the age and history of unknown samples. 
65 
 
 
Figure 4.4 Melamine (a) and carbamate (b) crosslink photodegradation reac-
tions.72 
(a) (b) 
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ATR FTIR spectroscopy can be used to track photodegradation. The inten-
sity of bands due to vibrations of major functional groups change as the matrix 
degrades. This method has been used in the literature to study weathering of a 
number of polymeric systems including epoxy, acrylic urethane, and polyester ure-
thane.73–75 The method involves determining which peaks significantly decrease 
or increase in intensity during weathering, and tracking the ratio of their intensity 
during weathering to their initial intensity after normalization to a more stable peak. 
In thermally-induced photodegradation, chain scission can occur in which the 
backbone breaks to yield free radicals or a small molecule is eliminated and the 
backbone reforms a double bond.60 These reactions disrupt the methylene back-
bone structure in acrylates, resulting in a decrease of the peak in the 2900 cm-1 
region. A second common peak of interest is the carbonyl peak in the 1720 cm-1 
to 1730 cm-1 region. This heterogeneous bond is typically part of an ester group 
susceptible to photodegradation reactions. The broad band in the 3000 cm-1 region 
corresponding to hydroxyl and amine vibrations is tracked because the degrada-
tion of melamine and polyester structures results in termination of chains with 
these functional groups.72 Since Raman spectroscopy has proven successful for 
characterizing the binder chemistry of automotive clear coats, it will be used here 
as well to determine whether peaks corresponding to major binder structures 
change similarly with weathering. 
To prevent and retard the effects of photo-oxidation, manufacturers incor-
porate UV absorbers (UVAs) and hindered amine light stabilizers (HALS) into clear 
coats.46 UVAs tend to have aromatic structures that absorb and dissipate radiation 
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as thermal energy, protecting the binder. Common UVAs include hydroxy-
phenylbenzotriazole, benzophenone, oxanailide, and triphenyltriazine (Figure 4.5 
top).31,76 These structures represent the major classes of UVAs currently em-
ployed. HALS are derivatives of 2,2,6,6-tetramethyl piperidine and act as radical 
scavengers to prevent propagation of species formed by photooxidation reactions 
from further damaging the binder (Figure 4.5 bottom).65 HALS form stable nitroxide 
radicals from the reaction of hydroxylamine with peroxy radicals resulting in regen-
eration, thereby providing good, long-term stabilization in small concentrations.65 
However, the reactive nature of radicals makes this process difficult to observe in 
accelerated aging studies by facile analytical techniques. Since UVAs absorb ra-
diation, their presence and concentration are easily measured by spectrophoto-
metric methods. Therefore, most exposure studies quantifying stabilizer concen-
tration measure UVA concentration as an estimate of the extent of degradation.77 
 
Figure 4.5 Structures of common UVAs (a) and HALS (b) in clear coats. 
To characterize the effects of exposure on clear coats, quantification of UVA 
concentration by T-MSP has been examined. Preparation for adequate transmis-
sion is simpler as the layer is transparent.76 Liszewski et al. successfully identified 
(a) 
(b) 
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the UV absorbing compounds in clear coats using T-MSP; however, their chemo-
metric analysis showed no correlation between the combination and quantities of 
UVAs in a clear coat, and identifying properties of the vehicle such as make, model, 
and year.76 This suggests spectrophotometric analysis of clear coats for forensic 
purposes may only be suitable for known-questioned comparisons for age and 
history. The concentration of UVAs in clear coats also vary with depth because the 
surface is exposed to more radiation over time. T-MSP has proven a suitable 
method for UVA identification and quantification with increasing exposure.78  
Weathering also results in visible physical changes to the appearance of 
clear coats. The most significant and commonly studied properties in the literature 
are yellowing and gloss decrease.78,79 These are based on measurements using 
commercial color and gloss meters. Yellowing index (YI) is the most commonly 
reported metric for yellowing, and is defined by ASTM color standards according 
to spectrophotometric data using the tristimulus values (X, Y, and Z) and constants 
(Cx and Cz) based on the standard illuminant and observer functions used (Equa-
tion 5).80 Yellowing of polyester coatings is reported in the literature, and postulated 
to be the result of aromatic crosslinking reactions during photodegradation forming 
a conjugated system of chromophores.66 The presence of water in high humidity 
or moisture environments promotes increased roughness of the coating surfaces. 
Hydrolytic reactions during photodegradation occur at the hydrophilic regions of 
the heterogeneous matrix; hydrolysis at these regions results in pits contributing 
to overall roughness and decreased gloss in weathered coatings.66 The heteroge-
neity of acrylic melamine coatings is the result of low molecular weight, partially 
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polymerized gel-like regions remaining within the crosslinked network after cur-
ing.81  
𝑌𝐼 =
100(𝐶𝑥𝑋−𝐶𝑧𝑍)
𝑌
 (5) 
 A final consideration in weathering studies is that automotive manufacturers 
typically apply clear coats onto the wet base coat prior to curing the entire system. 
Since migration of UVAs can occur with this type of application, weathering studies 
of automotive clear coats should be performed on full coating systems. This sec-
tion will address the aging of clear coats by employing accelerated artificial weath-
ering on pristine samples received from two of the three coatings manufacturers 
holding over 90 percent of the North American automotive coatings market.31 
Chemical and physical degradation will be tracked with spectroscopy and appear-
ance measurements, respectively.  
 Experimental 
 Cured clear coats were obtained as part of full paint systems (clear coat, 
base coat, primer surfacer, and primer) on steel ACT panels directly from the man-
ufacturers (Table 4.1). All the samples had flat, non-metallic white and black base 
coats except those noted with asterisks. Free films of two samples were also stud-
ied. “Type” refers to the designation on the manufacturer’s label upon receipt, while 
“Class” was either provided on the sample label or determined from datasheets.82  
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Table 4.1 Properties of Clear Coats Studied 
Sample Manufacturer Type Base Coat Color Class
BEB BASF E10CG081G black 2K4
BEF BASF E10CG081G free film 2K4
BEW BASF E10CG081G white 2K4
BRB BASF R10CG392D black* 1K high solids
BRF BASF R10CG392D free film 1K high solids
BRW BASF R10CG392D white 1K high solids
PAB PPG APO black 2K
PAW PPG APO white 2K
PNB PPG NCT black 2K
PNW PPG NCT white 2K
PTB PPG TMAC black*
PTW PPG TMAC white
* base coat contains metallic f lakes  
Artificial weathering at 55°C ± 3.5°C, 75% relative humidity (RH) ± 5%, and 
with 100% UV radiation was carried out in the NIST SPHERE.83 Metal sample 
holders with 19-mm diameter circular cut outs in positions of known irradiance 
were used so cumulative dose for each sample could be calculated. For each full-
system sample, two 20-mm by 20-mm squares were prepared with a sheet metal 
shearer. The first sample was maintained for non-destructive color and gloss 
measurements roughly every three days, while the second was analyzed by ATR 
FTIR spectroscopy every five days. A third sample was prepared for Raman and 
MSP analyses in the following manner: strips of the paint panels were cut and bent 
with pliers to release the system from the substrate, and 4-mm diameter samples 
were manually punched out. A 19-mm steel disk was covered with double-sided 
tape and the samples arranged as close as possible on the tape; each disk fit a 
minimum of 10 full samples (4-mm circles). The disk was flipped upside down on 
silicone paper and pressed to ensure the samples would remain adhered during 
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exposure. A fragment of roughly half a 4-mm sample was removed once a week 
for Raman and MSP sample preparation.  
Free films of some clear coats were additionally weathered to examine the 
effect of the base coat on photodegradation. These samples were provided as 
drawdowns on release paper by the manufacturer. Samples were prepared from 
areas labeled as 60 µm thick for ease of handling. One 20-mm by 20-mm sample 
was cut from the release paper and the film carefully removed with tweezers for 
ATR FTIR spectroscopy measurements. A second sample larger than 19-mm was 
removed and taped onto the SPHERE sample holder on top of a steel disk, so 
samples could be removed for MSP and Raman spectroscopy analyses. As these 
samples had no substrate, color and gloss measurements were not performed. 
 Color measurements were obtained with a BYK spectro-guide sphere gloss 
color meter employing d/8 geometry with the specular component included, using 
the D65 illuminant and 10° standard observer functions. Samples were cleaned 
with lint-free wipes prior to measurement, and placed in a sample holder with 
11-mm diameter sampling area. Four measurements at the same location of each 
sample at each time point were taken to obtain CIELAB color coordinates and YI, 
calculated according to ASTM E313-98 by the instrument.29,80 The CIELAB coor-
dinates and YI were averaged for each sample at each time. Change in YI was 
tracked for the white samples, and change in b* and DE* were tracked for all sam-
ples. Gloss measurements were taken at 20° and 60° geometries with a BYK mi-
cro-TRI-gloss meter. The measurement areas reported by the instrument manu-
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facturer for these geometries are 10-mm by 10-mm and 9-mm by 15-mm, respec-
tively, so the sample size was sufficient to prevent edge irregularities from affecting 
measurements.84 Four measurements of each sample were taken, averaged, and 
gloss retention tracked with dose. Standard deviations were calculated for the four 
measurements at each time point. Error in YI and b* change, and DE* were calcu-
lated using the simplified propagation of error formula, where s is the standard 
deviation for the given variable and f is a function of x, y, and z (Equation 6). This 
is a method for describing error of a function calculated using variables with de-
fined errors when lacking multiple measurements of the function. 
𝑠𝑓 = √(
𝜕𝑓
𝜕𝑥
)
2
𝑠𝑥2 + (
𝜕𝑓
𝜕𝑦
)
2
𝑠𝑦2 + (
𝜕𝑓
𝜕𝑧
)
2
𝑠𝑧2 + ⋯ (6) 
 Macroscopic and microscopic ATR FTIR spectra were obtained using Ni-
colet iS50 and iN10MX spectrometers employing room-temperature DTGS and 
liquid nitrogen-cooled MCT-A detectors, respectively. Spectra were collected from 
(300 to 4000) cm-1 and from (675 to 4000) cm-1, respectively. For both instruments, 
spectra of 4 cm-1 resolution and 128 scans averaged were collected. Pressure on 
the iN10 MX instrument was set at 40 psi for the full system samples and 15 psi 
for the free films to prevent the sample from adhering to the crystal between sam-
pling locations. The ATR crystals of the iS50 and iN10 MX instruments were made 
of diamond and germanium yielding approximate penetration depths of 0.65 and 
1.66 µm, respectively.85 As clear coats are typically no less than 10 µm thick, in-
terference from the base coats should not occur, and was confirmed by comparing 
the spectra of the clear coats on white and black taken with both instruments prior 
73 
 
to the study. At each sampling time, five spectra were collected at random loca-
tions on the sample. Background spectra were obtained prior to each new sample, 
and the crystals were cleaned with methanol and lint-free wipes prior to each back-
ground spectrum. Spectra were processed with OriginLab software. The same 
baseline was manually subtracted from each replicate spectrum, and the same 
baseline used for samples of the same chemistry regardless of base coat color.  
The weathered FTIR spectra were subtracted from the initial spectrum to de-
termine which peaks would be suitable for tracking mass loss and oxidation. Since 
no peaks remained unchanged in the samples examined, ratios of peaks in similar 
regions were calculated to track these changes. For mass loss, the peak intensity 
at 2830 cm-1 was normalized to the 2930 cm-1 peak. For oxidation, the peak inten-
sity at 1680 cm-1 was normalized to the 1455 cm-1 peak. Because the depth of 
penetration for ATR crystals changes with wavenumber, normalization peaks as 
close as possible to the peak of interest were chosen. The 2930 cm-1 and 
1455 cm-1 peaks represent sp3 C-H stretching and bending, respectively, and were 
present in the spectra of all the samples, permitting comparison between the dif-
ferent chemistries studied. The ratio for each weathered spectrum, A(t), was then 
divided by the ratio for the unweathered spectrum, A(0). Linear regression was 
performed in OriginLab to gauge degradation rate differences between samples. 
 For MSP analysis, the removed fragment was sandwiched between refer-
ence films of known UVA concentration prior to microtoming cross sections. This 
procedure was adapted from the literature and is necessary to account for the dif-
ference between the measurement direction (perpendicular to the cross section) 
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and direction of interest (parallel to the cross section) for quantification of UVA 
concentration.77 Acrylic urethane reference films with 2 percent UVA and 1.5 per-
cent HALS by weight were prepared with 10 mil wet film thickness on Mylar. Ben-
zotriazole-type UVAs were employed (Figure 4.6). The absorbance of this film at 
345 nm was measured with a Lambda 900 spectrophotometer to obtain an absorb-
ance per micron factor. The weathered samples were sandwiched between two 
pieces of this reference film with a polyurethane-based solvent-free adhesive 
(LORD Fusor 148), and cross sections of 5 µm thickness were obtained by room-
temperature microtomy (Leica EM UC7) after embedding in epoxy (Section 3.2). 
Sections were mounted with glycerol on a quartz slide with a quartz coverslip, 
which was flattened with an Excel roller immediately prior to analysis. Spectra were 
collected in transmission mode with a CRAIC MP-2 UV-vis spectrophotometer with 
a 36X (NA 0.5) objective from 200 nm to 800 nm employing a square aperture of 
roughly 7.9 µm, 20 ms integration time, and 25 averaged scans. Spectra were 
collected at three different locations. At each location, a spectrum was collected 
(1) near the surface of the clear coat, (2) in the center of the clear coat, and (3) 
closest to the clear coat-base coat interface. Lastly, spectra of the reference films 
were collected. Spectra were processed with OriginLab software. 
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Figure 4.6 Structures of (a) HALS and (b) UVA used in reference film. 
For each clear coat chemistry, the raw spectra were first examined to deter-
mine the type(s) of UVA present. A peak specific to each UVA was chosen as the 
absorbance used to calculate total clear coat absorbance (TCA), a quantity repre-
senting the concentration of UVAs. For sample thickness correction, each sample 
spectrum was first normalized using the absorbance per micron factor of the refer-
ence film, and absorbance of the reference film in the cross section. The absorb-
ance of the UVA peak of interest in the sample spectrum was multiplied by the 
ratio of aperture size (7.9 µm) to the corrected cross section thickness to obtain 
absorbance in the direction of interest (along the clear coat depth). The absorb-
ance values from the three spectra collected at each location were summed to 
obtain TCA. TCA at the three locations was averaged and plotted at each time to 
track UVA degradation over the course of the weathering experiment. 
 For Raman microspectroscopy, the embedded MSP sample was mi-
crotomed for surface smoothness. Spectra were collected with a Bruker Senterra 
spectrometer and 785 nm excitation source using a 50X (NA 0.40) objective. Laser 
power and integration times used are listed in Table 4.2. As surface roughness 
can affect Raman intensity, spectra were collected every 10 µm from the surface 
(a) 
(b) 
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along the depth of the clear coat to normalize variations in sample preparation 
within each sample. Each spectrum was baseline corrected with Bruker OPUS 
software using the concave rubberband correction method with 20 iterations. Then, 
the ratio of the peak of interest to a nearby peak was calculated, and this ratio at 
10 µm from the surface divided by the ratio at 30 µm from the surface. Finally, the 
ratio of the weathered to unweathered samples was calculated. 
Table 4.2 Raman Spectroscopy Parameters for Clear Coats 
Sample Laser Power (mW) Integration Time (s) Number of Co-additions
BEB 10 45 2
BEF 10 45 2
BEW 1 45 2
BRB 10 45 2
BRF 10 45 2
BRW 1 45 2
PAB 10 45 2
PAW 10 45 2
PNB 10 45 2
PNW 10 45 2
PTB 10 45 2
PTW 1 45 2  
 Results and Discussion 
The raw ATR FTIR and Raman spectra of the unexposed BASF and PPG 
clear coats are shown in Figure 4.7 and Figure 4.8, respectively. These spectra 
were collected of the samples on white base coats except the Raman spectrum of 
the PPG TMAC clear coat, which was collected using a black sample due to over-
whelming fluorescence in the white sample spectrum.  
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Figure 4.7 ATR FTIR (left) and Raman (right) spectra of BASF E10CG081G (top) 
and R10CG392D (bottom) clear coats. Blue, red, green, pink, and purple arrows 
indicate peaks ascribed to acrylic, urethane, styrene, melamine, and general aro-
matic structures, respectively. 
 The FTIR spectra of the BASF clear coats indicate the E10CG081G coating 
is acrylic urethane with some aromatic structures, and the R10CG392D coating is 
acrylic urethane with melamine and styrene. For the E10CG081G coating, this is 
based off the characteristic oxithane-type acrylic urethane stretches and the small 
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730 cm-1 peak appearing as a shoulder on the urethane 765 cm-1 peak.10 The 
730 cm-1 peak is due to aromatic carbon-carbon double bond bending vibrations. 
For the R10CG392D coating, the urethane modification results in only a slight 
shoulder on the acrylic carbonyl peak.10 The peaks at 1550 cm-1 and 815 cm-1 are 
triazine vibrations indicating melamine modification, and the sharp peaks at 
765 cm-1 and 700 cm-1 are indicative of styrene. These chemistries were confirmed 
by the manufacturer’s datasheets. 
 The Raman spectra of the BASF clear coats confirms these binder assign-
ments, with major peaks for acrylic, urethane, and aromatic structures present. 
Both coatings have sharp peaks at 1450 cm-1 and 1300 cm-1 due to methyl and 
methylene deformations corresponding to acrylic structures. A sharp peak at 1760 
cm-1 corresponding to the urethane carbonyl vibration occurs in the E10CG081G 
spectrum. Urethane manifests as a shoulder on the 1725 cm-1 acrylic carbonyl 
peak in the R10CG392D spectrum. Intense peaks at 1030 cm-1 and 1000 cm-1 
indicate styrene modification, and the sharp peak at 978 cm-1 is due to melamine. 
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Figure 4.8 ATR FTIR (left) and Raman (right) spectra of PPG APO (top), NCT 
(middle), and TMAC (bottom) clear coats. Blue, red, green, pink, and purple ar-
rows indicate peaks ascribed to acrylic, urethane, styrene, melamine, and general 
aromatic structures, respectively. 
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 Based on the FTIR spectra of the PPG clear coats, the APO coating is 
acrylic urethane melamine while the NCT and TMAC coatings are both acrylic mel-
amine. All three have some aromatic structures, but the APO coating most likely 
contains styrene based on the intense 765 cm-1 and 700 cm-1 peaks. The Raman 
spectrum of the NCT coating indicates possible styrene modification based on the 
intense 1030 cm-1 and 1000 cm-1 peaks, though these are general phenyl defor-
mation and trigonal ring breathing vibrations. All three coatings exhibit intense 
978 cm-1 Raman peaks due to triazine trigonal ring breathing, confirming the pres-
ence of melamine. 
 The FTIR spectra of the clear coats with increasing dose are available in 
the Appendix (Figure A.6 and Figure A.7). To track mass loss and oxidation, the 
subtraction spectra of each coating were examined to determine the peaks to use 
for normalization within each spectrum (Figure 4.9). The peaks corresponding to 
symmetric methyl and asymmetric methylene acrylic vibrations at 2860 cm-1 and 
2930 cm-1, respectively, were used to track mass loss. The 1672 cm-1 and 1460 
cm-1 peaks corresponding to amide and methyl and methylene bending vibrations, 
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respectively, were used to track oxidation.72  Degradation rates by chemical struc-
ture and base coat color were compared. Degradation rates from the macroscopic 
and microscopic ATR FTIR spectrometers were also compared. 
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Figure 4.9 Subtraction spectra of a BASF R10CG392D sample after 1000 hours 
of weathering. Lines indicate the peaks used to track oxidation (left) and mass loss 
(right). 
To compare the spectrometers, the degradation rates obtained from the mac-
roscopic instrument were subtracted from those obtained from the microscopic in-
strument (Table 4.3). The rates of mass loss determined from the macroscopic 
instrument appear to be consistently lower (negative difference) than the rates de-
termined by the microscopic instrument. The rate discrepancies are due to several 
factors, primarily differences in the working mechanisms of the instruments. The 
ATR crystals, detectors, and differences in the collection parameters all factor into 
the degradation rate discrepancies. The smaller sampling area of the microscopic 
instrument amplifies differences in degradation at each location. Therefore, com-
parisons of the degradation rates of different coatings require use of the same 
instrument. 
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Table 4.3 Degradation Rate Differences between Instruments 
 
 The effect of sample color on mass loss and oxidation rates was more con-
sistent (Table 4.4). In general, samples with black base coats degraded faster via 
both mass loss and oxidation than samples of the same chemistry with white base 
coats. Exceptions to this were the BASF E10CG081G and PPG TMAC coatings. 
The BASF free films both degraded faster than their full system counterparts. This 
is could be due to the addition of UV stabilizers to the base coats by some manu-
facturers, providing a reservoir to extend degradation-resistance of the clear coat. 
Table 4.4 Degradation Rate Differences by Color and Chemistry 
Mass Loss Oxidation
2935 / 3385 Rate (10-5 m2/MJ) error (10-6) R2 Rate (10-5 m2/MJ) error (10-6) R2
BEB -5.12 3.2 0.95 24.55 7.6 0.99
BRB -11.13 1.8 1.00 131.00 24.4 1.00
PAB -15.29 6.9 0.98 61.94 31.6 0.97
PNB -5.97 5.8 0.93 61.52 31.4 0.98
PTB -5.96 4.2 0.94 65.79 57.2 0.90
BEW -6.58 7.3 0.88 30.45 12.5 0.98
BRW -8.67 2.2 0.99 122.00 50.6 0.98
PAW -14.86 3.1 0.99 46.13 12.0 0.99
PNW -5.40 2.3 0.97 46.14 22.5 0.96
PTW -6.70 2.4 0.98 87.83 26.1 0.99
BEF -8.66 8.8 0.91 30.89 11.0 0.99
BRF -17.32 5.4 0.99 168.00 42.0 0.99  
Mass Loss Oxidation
Rate (10-5 m2/MJ) error (10-6) Rate (10-5 m2/MJ) error (10-6)
BEB -0.74 1.2 -12.02 -8.03
BEF -1.38 4.9 -24.40 -24.23
BEW 0.08 0.9 -13.15 -10.54
BRB -3.01 -1.9 27.00 -2.55
BRF -5.26 -2.0 25.00 -11.68
BRW -3.07 -4.8 12.00 8.22
PAB -1.76 2.3 14.15 2.11
PAW -1.70 -0.4 20.56 -7.93
PNB 0.18 -0.5 -1.35 -0.25
PNW 0.51 -0.8 10.20 -9.44
PTB -1.09 0.8 5.48 16.63
PTW -1.63 -0.8 12.29 -13.39
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For the black samples, rates of mass loss in descending order were PPG 
APO, BASF R10CG392D, PPG NCT, PPG TMAC, and BASF E10CG081G. For 
the white samples, rates of mass loss in descending order were PPG APO, BASF 
R10CG392D, PPG TMAC, BASF E10CG081G, and PPG NCT. Mass loss is typi-
cally due to chain scission and backbone fragmentation. Since mass loss is a gen-
eral indicator of degradation, the different rates may be due to differences in the 
specific structure of the acrylic backbones. The oxidation rates by chemistry in 
descending order were BASF R10CG392D, PPG TMAC, PPG APO, PPG NCT, 
and BASF E10CG081G for the black samples, and BASF R10CG392D, PPG 
TMAC, PPG NCT, PPG APO, and BASF E10CG081G for the white samples. The 
major chemical difference between the fastest (BASF R10CG392D) and slowest 
(PPG APO and BASF E10CG081G) oxidizing samples was the absence of ure-
thane crosslinking in the fastest degrading samples. The latter two samples were 
new generation “oxithane”-type acrylic urethane coatings, which may be more re-
sistant to photooxidation. 
Based on the raw MSP data, the sample set contained only benzotriazole-
type UVAs, which exhibit characteristic absorptions at roughly 230 nm and 340 nm 
(Figure 4.10).77 The UVAs used in the BASF clear coats were confirmed by man-
ufacturer information (Figure 4.11). Since the UVAs used in the reference film and 
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the sample set were also of benzotriazole class, the peak at 345 nm was used to 
calculate TCA for all the samples. 
 
Figure 4.10 MSP spectra of unweathered samples. 
 
Figure 4.11 Structures of the benzotriazole UVAs used in the BASF clear coats (a) 
E10CG081G and (b) R10CG392D. 
 TCA for all the samples decreased with UV exposure as anticipated (Figure 
4.12). The acrylic urethane PPG APO coating was the only chemistry to exhibit 
consistent absorbance decrease between colors. The rates of change determined 
by linear regression are shown in Table 4.5. In general, TCA of the black samples 
decreased faster than the white samples. This was likely because black absorbs 
light more effectively than white, resulting in faster UVA depletion. 
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Figure 4.12 Total clearcoat absorbance with UV exposure of black (left) and white 
(right) samples. 
Table 4.5 Rates of Total Clearcoat Absorbance Decline 
Sample Rate (10-5 m2/MJ) Error (10-6) R2
BEB -47.93 125.0 0.91
BRB -33.95 21.9 0.99
PAB -25.94 64.0 0.92
PNB -82.91 178.0 0.94
PTB -43.98 54.3 0.99
BEW -59.34 92.2 0.95
BRW -17.39 110.4 0.67
PAW -9.53 35.6 0.84
PNW -22.55 30.3 0.98
PTW -11.58 12.5 0.99  
 Color change was recorded as a physical indicator of weathering. Change 
in yellowing index, b*, and DE* were calculated. The change in yellowing index for 
the BASF and PPG clear coats with increasing dose are shown in Figure 4.13. The 
error bars are the standard error calculated with Equation 6. The BASF 
R10CG392D sample (BRW) yellowed faster than the other chemistries, in agree-
ment with the degradation rates determined by FTIR spectroscopy. The two “ox-
ithane”-type urethane samples (BEW and PAW) did not exhibit the same yellowing 
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trends despite similar chemistries, as yellowing of the PPG APO sample plateaued 
at roughly 800 MJ/m2 dose. 
 
Figure 4.13 Change in YI with dose of BASF (top) and PPG (bottom) samples. 
Error bars represent the standard variance. Lines are eye guides. 
 Within the same clear coat type, error in YI measurements was always 
greater for the black samples (data not shown) than the white samples. This is 
because the ASTM color standard for YI is based on white or near-white objects.80 
Therefore, change in b* was used to compare yellowing between the white and 
black samples, as yellowing should manifest as an increase in b* with dose (Figure 
4.14). The black samples exhibited yellowing as b* increased with dose, but this 
change was not as pronounced as the increase observed in the white samples. 
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However, this method of comparing the yellowing of non-white samples is still pre-
ferred over YI change, as YI was designed for white objects.  
 
 
 
Figure 4.14 Change in b* with dose of BASF (top) and PPG (bottom) samples. 
Error bars represent the standard variance. Lines are eye guides. 
 Weathering induces overall color changes as well, affecting lightness or L*, 
so tracking DE* with dose using the initial and weathered color measurements 
provides a more general gauge of color change (Figure 4.15). The same trend is 
seen where the DE* of the white samples changed with dose faster than the black 
samples; for example, DE* of BEW increased faster than BEB. If DE* is considered 
a physical indicator of chemical degradation, this would mean clear coats on white 
base coats undergo photodegradation faster than on black base coats under the 
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same conditions. However, this is contrary to the concept that black absorbs UV 
radiation more readily than white. This is likely because gloss and texture also 
impact color measurements as higher gloss specimens will tend to be detected as 
darker. In terms of clear coat chemistry, the white PPG NCT and TMAC samples 
exhibit similar color change trends. These were the only two chemistries not ure-
thane crosslinked, so they may undergo similar degradative pathways. 
 
Figure 4.15 DE* between initial and weathered BASF (top) and PPG (bottom) sam-
ples. Error bars represent the standard variance. Lines are eye guides. 
 Gloss did not change with weathering as significantly as color based on 20° 
(Figure 4.16) or 60° gloss retention. Although a slight decrease can be qualitatively 
observed, the error in the measurements does not permit quantitation of gloss de-
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cline. Trends in the effects of sample chemistry and color are similar to those ob-
served in the color measurements. Gloss decreased sooner for black samples than 
white based on the PPG TMAC samples (PTB and PTW). This is likely due to the 
superior ability of black samples to absorb heat, accelerating photodegradation 
reactions. Within the black samples, the more rapid gloss decline of the TMAC 
sample compared to the other two PPG samples may be due to the metallic flakes 
causing the coating to absorb and retain heat more effectively. 
 
 
Figure 4.16 Gloss retention with increasing dose of BASF (top) and PPG (bottom) 
clear coats. Error bars represent the standard variance. Lines are eye guides. 
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 Conclusions 
 
 Accelerated weathering experiments can provide insights on the physical 
and chemical changes automotive clear coats undergo during exposure. This may 
allow forensic examiners of such trace evidence to more accurately gauge the age 
and history of a sample. The three acrylic urethane and two acrylic melamine clear 
coats weathered in this study exhibited significant chemical degradation via chain 
scission and photo-oxidation characterized by ATR FTIR and Raman spectrosco-
pies. These samples also exhibited significant physical degradation via yellowing 
and general color change, though 20° gloss did not decrease as much. The acrylic 
urethane “oxithane”-type clear coats chemically degraded slower than the other 
clear coats, while the acrylic melamine clear coats exhibited the fastest color 
change. In general, the clear coats on black base coats degraded faster than on 
white, and the free films degraded the fastest. Further work should focus on repli-
cating and confirming these results, and analysis of chemistries from the third ma-
jor automotive coatings manufacturer in North America.
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5. Final Remarks 
 The objective of this work was to develop procedures to make forensic ex-
aminations more quantitative in order to improve specific vehicle identification. 
Color measurement and spectroscopic methods employed by automotive manu-
facturers and the forensics community were examined to progress the develop-
ment of procedures for quantitative measurements of paints. Additionally, initial 
weathering experiments were performed on unexposed OEM coatings to gauge 
uncertainties in physical and chemical characterization measurements and im-
prove current protocols for accelerated exposure experiments.  
 Master standards and reference or control panels are characterized by 
manufacturers using color meters, so relating microscopic forensics color meas-
urements to colorimeter values may supply examiners with additional information 
on questioned samples. These results provide an initial gauge of the variation in 
color differences between two samples as measured by color meter and MSP in 
reflectance and transmission modes. Since spectroscopy is predominantly em-
ployed for chemical characterization of paints in the forensics community, trans-
mission FTIR and Raman microspectroscopic methods were investigated with a 
focus on improving sample preparation ease and repeatability. This was accom-
plished by microtoming cross sections of the embedded samples so the all layers 
could be analyzed with a single preparation of consistent thickness. Finally, auto-
motive original equipment manufacturer (OEM) paints were artificially weathered 
and their clear coats characterized with microscopic instrumentation methods to 
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gauge the utility for forensic examinations aimed at obtaining vehicle history infor-
mation. The chemical data available from microscopic clear coat analyses such as 
MSP for UVA loss may be useful for determining specific vehicle of origin when a 
proper control is unavailable. In general, these results should improve the colori-
metric and chemical forensic characterizations of paints by the forensics commu-
nity for specific vehicle identification. 
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APPENDIX 
Table A.1 Average DE* (from Top to Bottom) Determined by Color Meter, R-MSP, 
and T-MSP 
 
12 13 18A 19A 34 35 34PS 34PW 10P 11 15 17 2A 58P 59
12 5 56 56 57 57 57 58 48 48 48 47 64 67 67
2 39 35 32 31 30 34 21 20 21 18 49 32 48
9 65 69 66 67 61 62 16 36 18 45 16 15 17
13 51 52 52 52 53 53 43 42 43 42 62 66 66
38 33 31 30 29 32 19 18 19 16 48 31 48
66 70 67 69 62 63 25 42 27 50 24 23 24
18A 0 1 2 3 3 19 19 18 18 57 64 66
5 8 9 12 11 28 28 28 29 62 46 62
6 6 7 10 12 65 55 64 54 58 62 65
19A 1 2 3 3 19 19 18 18 58 64 67
4 4 9 9 23 23 23 24 59 42 59
5 6 10 10 68 60 67 59 61 65 68
34 1 2 3 19 19 19 19 57 64 66
4 6 7 21 21 21 22 57 40 57
8 7 7 66 59 65 59 59 62 65
35 1 2 20 20 20 20 57 64 66
8 9 20 20 20 22 58 40 58
10 12 65 56 64 56 58 62 65
34PS 1 21 21 21 21 57 64 67
5 21 20 21 20 52 35 52
4 60 55 60 56 54 56 59
34PW 22 22 22 22 57 64 67
25 25 25 24 54 38 54
63 58 62 59 56 58 61
10P 2 2 3 58 64 65
1 1 8 54 34 53
28 4 38 8 10 13
11 1 1 56 62 64
1 7 53 33 52
25 10 27 36 40
15 0 55 62 63
8 53 34 53
34 9 14 17
17 55 61 63
46 26 45
36 45 49
2A 7 10
19 4
9 13
58P 4
19
4
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Table A.2 Standard Deviation of DE* (from Top to Bottom) Determined by Color 
Meter, R-MSP, and T-MSP 
12 13 18A 19A 34 35 34PS 34PW 10P 11 15 17 2A 58P 59
12 0.4 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.3
0.3 2.1 2.2 2.1 1.7 2.1 3.0 0.3 0.5 0.4 0.3 1.7 0.5 2.7
1.5 0.7 1.1 0.7 1.0 1.6 1.0 1.0 0.9 0.9 1.1 1.1 1.2 1.1
13 0.4 0.4 0.4 0.3 0.4 0.3 0.4 0.4 0.4 0.4 0.2 0.1 0.3
2.1 2.4 2.2 1.6 2.0 3.0 0.2 0.3 0.4 0.2 1.2 0.4 2.4
1.8 1.5 1.3 1.9 1.3 1.8 1.6 1.7 1.4 1.7 2.6 1.7 1.7
18A 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.2 0.1 0.2
3.7 4.1 2.1 2.4 1.7 3.0 2.9 3.0 2.6 1.5 1.6 2.0
1.2 2.9 1.1 1.6 1.3 1.1 1.7 1.7 1.8 1.7 1.3 1.0
19A 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.2
4.0 2.3 1.6 3.2 3.1 3.1 3.0 3.1 2.7 1.8 2.3
1.2 1.5 1.2 0.9 0.8 1.7 1.2 2.1 1.9 0.4 0.6
34 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2
1.9 1.2 3.5 3.0 3.0 3.0 2.7 1.6 1.9 1.8
1.6 1.1 2.1 0.7 1.3 1.5 1.7 2.0 0.8 0.5
35 0.2 0.1 0.1 0.1 0.1 0.1 0.2 0.0 0.1
1.1 4.0 1.0 1.0 1.0 0.8 1.6 0.7 2.1
1.5 0.7 1.0 1.0 2.0 0.9 1.7 1.2 0.7
34PS 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1
2.6 2.5 2.4 2.5 1.9 2.1 1.0 1.3
1.1 1.8 1.6 2.4 1.5 2.4 1.8 1.7
34PW 0.1 0.1 0.1 0.1 0.2 0.0 0.2
4.1 4.0 4.1 3.7 2.3 1.8 1.8
0.8 1.2 1.7 1.1 0.9 0.6 0.6
10P 0.1 0.0 0.1 0.2 0.0 0.2
0.7 0.6 0.8 1.6 0.5 2.4
1.1 1.2 1.2 0.7 1.3 0.8
11 0.1 0.2 0.1 0.1 0.2
0.4 0.5 1.2 0.5 2.3
1.7 0.8 3.2 0.8 0.8
15 0.1 0.2 0.1 0.2
1.2 2.0 0.8 2.8
1.9 1.6 1.7 0.9
17 0.3 0.1 0.2
1.2 0.5 2.2
3.1 1.3 0.7
2A 0.2 0.1
1.5 1.8
3.7 3.6
58P 0.2
2.4
1.2
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Figure A.1 Raman spectrum of the refinish base coat of sample 12 taken with the 
785 nm laser (top), and a reference spectrum of PR254(α) (bottom). Red box rep-
resents the spectral range of the sample spectrum. 
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Figure A.2 Raman spectra of the original base coat of sample 18A taken with the 
785 nm laser (top left), the second effect layer of sample 1A taken with the 532 nm 
laser (top right), and the reference spectrum of PB60 (bottom). Red box represents 
the spectral range of the sample spectrum. 
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Figure A.3 Raman spectrum of the original base coat of sample 58 taken with the 
785 nm laser (top), and a reference spectrum of PW6 (bottom). Red box repre-
sents the spectral range of the sample spectrum. 
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Figure A.4 Raman spectrum of the base coat of sample 10P taken with the 785 
nm laser (top), and a reference spectrum of PBK7 (bottom). Red box represents 
the spectral range of the sample spectrum. 
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Figure A.5 Raman spectra of the base coat of sample 19A (top) taken with the 532 
nm (left) and 785 nm (right) lasers, and reference spectra (bottom) of PV23(β) (left) 
and PB15 (right). Red box represents the spectral range of the sample spectrum. 
Red and blue arrows represent the peaks in the sample spectrum corresponding 
to PB60 and PB15, respectively. 
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Figure A.6 ATR FTIR spectra of BASF E10CG081G (top) and R10CG392D (bot-
tom) clear coats on black base coats collected with the iS50 instrument. Each 
spectrum represents a dose with increasing exposure from green to red.  
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Figure A.7 ATR FTIR spectra of PPG (top to bottom) APO, NCT, and TMAC clear 
coats on black base coats collected with the iS50 instrument. Each spectrum rep-
resents a dose with increasing exposure from green to red. 
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